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Abstract

~-ray sources associated with pulsars make up a significant fraction of the identified
Galactic TeV source population. Recent studies have uncovered a new subtype of this
source class, degree scale y-ray emission formed around middle-aged pulsars, the pulsar
halo. This source class has the potential to provide valuable insights not only into
the evolution of pulsars but also into the propagation of cosmic rays in the interstellar
medium. However at this point, only a few such sources have been detected, complicating
the separation of the properties of the population from the properties of individual
sources.

The detection of such largely extended sources in the TeV energy range has mainly been
facilitated by wide-field survey instruments, while Imaging Atmospheric Cherenkov
Telescopes are better suited for providing a detailed description of the morphology
of sub-degree scale y-ray sources. To this point, however, the only facility which can
survey the southern TeV sky, is the High Energy Stereoscopic System (H.E.S.S.), an
IACT array located in Namibia. This work aims to improve the detection capability of
TACT arrays for largely extended sources by developing a novel background estimation
approach, which, in contrast to classical background estimation techniques, does not
rely on a source-free region in the observation.

This background estimation technique is used in an analysis of the region around
PSR B1055-52. The middle-aged pulsar, previously grouped with Geminga and PSR
B0656+14 as the ‘Three Musketeers’ due to their similar properties, has long been
suspected to host a TeV halo. Through the application of two different advanced
background estimation methods, this work is able to significantly detect degree scale
emission in the region, with properties indicating that this marks the first detection
of a pulsar halo in the southern hemisphere. From this, a diffusion model is employed
to derive the diffusion properties of the cosmic ray leptons in the region around the
pulsar. This study confirms the unexpected finding of sub-ISM diffusion in other pulsar
halos, suggesting that the sphere of influence of the pulsar, either trough self-generated
turbulence or magnetic field effects, may extend further than previously thought.






Zusammenfassung

Ein erheblicher Teil der identifizierten galaktischen y-Strahlenquellen im TeV Energie-
bereich wird mit Pulsaren assoziiert.Jlingste Studien haben einen neuen Untertyp dieser
Quellenklasse entdeckt, y-Strahlungsemissionen auf der skala von Grad die sich um
mittelalte Pulsare bilden — sogenannte Pulsarhalos. Mithilfe dieser Quellenklasse kénnen
wertvolle Erkenntnisse, nicht nur tiber die Entwicklung von Pulsaren, sondern auch iiber
die Ausbreitung der kosmischen Strahlung im interstellaren Medium, gewonnen werden.
Bisher wurden jedoch nur wenige dieser Quellen nachgewiesen, was es erschwert, die
Eigenschaften der gesamten Population von denen einzelner Quellen zu unterscheiden.
Der Nachweis solcher ausgedehnten Quellen im TeV-Energiebereich wurde bisher
hauptsachlich durch Instrumente fiir Weitfeldbeobachtungen erreicht, wéhrend Imaging
Atmospheric Cherenkov Teleskope (IACT) besser geeignet sind, die Morphologie von
Gammastrahlenquellen unterhalb der Gradskala detailliert zu beschreiben. Bislang
ist jedoch nur das High Energy Stereoscopic System (H.E.S.S.), ein IACT-Array in
Namibia, in der Lage, den siidlichen TeV-Himmel zu untersuchen. Diese Arbeit zielt
darauf ab, die Nachweisfahigkeit von IACT-Arrays fiir groBraumig ausgedehnte Quellen
zu verbessern, indem eine neuartige Hintergrundschatzungsmethode entwickelt wird, die
im Gegensatz zu klassischen Techniken keine quellenfreie Region in der Beobachtung
voraussetzt.

Diese Technik zur Abschatzung des Hintergrunds wird in einer Analyse der Region um
PSR B1055-52 verwendet. Der mittelalte Pulsar, der aufgrund seiner &hnlichen Eigen-
schaften mit Geminga und PSR B0656+14 als einer der ”Drei Musketiere” bezeichnet
wird, wurde lange als Kandidat fiir einen TeV-Halo gehandelt. Durch die Anwendung
zweier verschiedener fortschrittlicher Hintergrundschéitzungsmethoden gelingt es in die-
ser Arbeit, eine signifikante Emission in der Region zu entdecken, deren Eigenschaften
darauf hindeuten, dass dies der erste Nachweis eines Pulsarhalos in der siidlichen He-
misphére ist. Aus den Eigenschaften der y-Strahlenemission werden dann mit Hilfe eines
Diffusionsmodells die Diffusionseigenschaften der hochenergetischen Leptonen in der
Region um den Pulsar abgeleitet. Diese Studie bestatigt die unerwartete Beobachtung
einer sub-ISM-Diffusion in anderen Pulsarhalos und legt nahe, dass die Einflusssphéare
des Pulsars — entweder durch selbstinduzierte Turbulenzen oder magnetische Feldeffekte
— weiter reichen konnte als bisher angenommen.
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1 Cosmic Rays

In 1909, the German physicist Theodor Wulf developed a device capable of measuring
ionization, an early form of the electroscope (Wulf, 1910). His experiments, as well as
contemporaneous experiments conducted by Domenico Pacini (Pacini, 1912), unveiled
the presence of constant ionizing radiation, which at first was attributed to radioactive
material on Earth. Experiments conducted by Victor Hess in 1912 confirmed that the
rate of this ionizing radiation decreases with increasing altitude up to ~ 1 km, supporting
the theory of radioactive material on Earth being responsible for this ionization. For
higher altitudes, however, his experiments revealed that after reaching ~ 1km, the rate
of the ionizing radiation increases again towards higher altitudes (Hess, 1912). This
discovery led Hess to propose the existence of cosmic rays, ionizing particles coming
from beyond the Earth’s atmosphere.

After this discovery many experiments have been conducted to understand the
composition of these particles and their interactions with the atmosphere. In the late
20th century the detection techniques had improved, and it was established that these
particles, the cosmic rays, originate from astrophysical environments. Therefore, cosmic
rays were recognized as important astrophysical messengers, bridging the gap between
astrophysics and particle physics (see Kampert (2001) and references therein).

The cosmic ray population consists of a variety of hadrons and leptons with different
masses. Their energy spectrum is shown in Figure 1.1. The discussion of its distinct
features across different energy ranges given here follows Longair (2011).

At low energies (below ~ 1-10eV), the spectrum shows a pronounced cutoff due
to ionization losses as well as shielding by the solar wind. This effect also introduces
seasonal fluctuations due to solar modulation.

The earth’s magnetic field also plays a crucial role at these low energies. To describe
the deflection of cosmic rays by a magnetic field, the rigidity R is used. It is defined as:

Pco
R = 76 ) (1)
with p the momentum of the particle, ¢y the vacuum speed of light, Z the atomic
number and e the elementary charge. Particles with the same rigidity experience the
same deflection in a magnetic field, independent of their mass or charge. This makes
rigidity an important parameter for the acceleration, propagation, and detection of
cosmic rays.

The Earth’s magnetic field imposes a cutoff rigidity, below which cosmic rays are
deflected and cannot reach Earth. This cutoff rigidity depends on the rigidity of the
cosmic rays, the magnetic field at the location, and the incident trajectory. The cutoff
rigidity for a cosmic ray arriving vertically at the geomagnetic equator is estimated to
R ~ 15 GV (Biitikofer, 2018). The cutoff rigidity, combined with instrumental effects,
is one of the limiting factors for the low end of the cosmic ray spectrum measured at
earth.

Above 10 - 10 eV, where these effects no longer play a crucial role, the cosmic ray
spectrum can be approximated by a power-law of the form:

dN

with « the spectral index varying for different energies.



Up to particle energies of 3 - 10 eV, cosmic rays are believed to be accelerated
predominantly by sources within our galaxy and remain confined by the Galactic
magnetic field. In this energy range, the cosmic-ray population is predominantly
composed of protons. The spectrum of cosmic rays in this energy range can be
characterized by a spectral index of a =~ 2.7 (Becker Tjus and Merten, 2020). Towards
higher energies, the magnetic confinement is less efficient, causing the spectrum to
soften to o &~ 3.0. This break in the spectrum is referred to as the spectral knee. An
alternative explanation for the occurrence of this break is that it denotes the maximum
energy up to which galactic sources can accelerate protons (Alves Batista et al., 2019a).

Beyond the spectral knee, the cosmic-ray spectrum becomes increasingly dominated
by heavier nuclei, each reaching their respective maximum energies. This scenario
suggests the presence of multiple spectral breaks associated with different cosmic-ray
species and is in accordance with the existence of a rigidity dependent cutoff, where the
maximum energy Fnax(Z) up to which various elements can be accelerated is defined
as Fmax(Z) = Z - Emax(Z = 1) (Peters, 1961). This postulation is supported by the
detection of the second knee at ~ 10 - 10'® eV, corresponding to a sharp decrease in the
abundance of heavy elements (Apel et al., 2011).

At even higher energies of 7 - 10'® eV, the spectrum hardens again and can be
described by a spectral index of o &~ 2.3 (Becker Tjus and Merten, 2020). This second
feature is often referred to as the ankle and interpreted as the rise of an extragalactic
component to the cosmic ray flux. This is supported by the composition, which at
these energies is again dominated by protons. Another feature recently identified by
the Pierre Auger Observatory (The Pierre Auger Collaboration, 2015) is the instep at
~ 1.4-10" eV, most likely corresponding to a change in the particle composition of
the flux again, this is however still highly debated at the time of writing (Aab et al.,
2020). The all-particle cosmic ray spectrum ultimately cuts off at around 5 - 1019 eV.
This can be explained by a combination of the maximum acceleration energy of the
heaviest nuclei being reached and the Greisen-Zatsepin-Kuzmin (GZK) cutoff. The
latter describes the energy loss of the particles due to interactions with the cosmic
microwave background (CMB) photons (Greisen, 1966; Zatsepin and Kuz'min, 1966).
The GZK cutoff determines that protons with an energy of > 10?0 eV can only originate
from sources with a distance of less than 130 Mpc or a redshift of z = 0.034 (Scully and
Stecker, 2002).

1.1 Cosmic-ray Acceleration

The detection of cosmic rays at energies up to 5-10'% eV raises the question of how these
particles achieve such extreme energies. Currently, there are two different mechanisms
under discussion, bottom-up or top-down acceleration. The top-down acceleration
describes the decay of extremely high-energy particles or particle production due to
topological defects. These mechanisms are, however, still highly debated and not
regarded as the main effect for the production of cosmic rays at £ > 1PeV, and will,
therefore not be discussed in detail. A recent review of the mechanisms is given in
de Vega and Sanchez (2003). In the bottom-up scenario, a low-energy cosmic ray is
accelerated in astrophysical environments, for which powerful acceleration mechanisms
are necessary. The following is a brief overview of possible acceleration mechanisms,
based on the discussions given in Bell (2013) and Caprioli (2023).
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Figure 1.1: The all particle cosmic ray spectrum as observed by different instruments.
The different spectral features are highlighted. Figure taken from Tanabashi et al.
(2018).

1.1.1 Second Order Fermi-Acceleration

The first particle acceleration mechanism discussed is the second-order Fermi acceleration,
which was proposed by Enrico Fermi in Fermi (1954). He theorized the acceleration of
particles as an elastic reflection of the cosmic ray on moving magnetic field structures
such as clouds. T'wo possible scenarios can occur in this interaction. A ‘head-on’ collision
happens when the particle is moving towards a turbulent magnetic structure. In this
case the particle gains energy in the interaction. A ‘tail-on’ collision means the particle
is moving away from the magnetic turbulence but is overtaken by it. In this case, the
relative velocity of the collision is low, which results in a low energy gain or even energy
loss, depending on the movement of the turbulence relative to the particle.

While the chances of a particle undergoing a ‘head-on’ or ‘tail-on’ collision are
approximately isotropically distributed in the rest frame of the magnetic turbulence,
the relative motion of the particle changes this symmetry. Particles are more likely
to encounter the turbulence head-on because their flux relative to the turbulence is
boosted by a factor of u/c, with u the average speed of the magnetic turbulence and
c the speed of light in the medium. While this relative motion results in a preference
for ‘head-on’ collisions, the net energy gain still depends on the square of the relative
velocities, and its sign is, therefore, randomly distributed.

The average fractional energy exchange per collision is of order u/c, but because of
the random nature of the scatterings, an average over many scatterings leads to the
cancellation of first-order terms, with only second-order terms remaining. This leads to



a mean energy gain per interaction given by:

AE u\ 2
= - (2)" )
c
This effect is therefore only efficient enough to explain the acceleration of cosmic rays

to the observed energies in extreme scenarios, such as the jets of active galactic nuclei
(Winchen and Buitink, 2018; Meli, 2012).

1.1.2 First Order Fermi-Acceleration

A more effective acceleration mechanism was also proposed by Fermi. The first-order
Fermi acceleration, or diffusive shock acceleration, involves the interaction of particles
with shock fronts (Fermi, 1949). Shock fronts form when a flow of material (e.g., gas or
plasma) is accelerated to speeds exceeding the speed of sound in the medium. The shock
compresses the medium, which leads to the creation of two distinct regions: a region of
undisturbed material ahead of the shock (upstream region) and a region of compressed
and heated material behind the shock (downstream region). The compression ratio
r, which is the factor by which the density of the medium increases due to the shock,
depends on the properties of the medium:

p -1

)

with py/9 the upstream/downstream densities and v the adiabatic index. Assuming
a strong shock in a non-relatvistic monoatomic gas (7 = 5/3), the compression rate
is usually assumed to be r ~ 4, with other factors such as the magnetic field further
modifying this relation (Caprioli and Haggerty, 2019).

The crossing of cosmic rays through these up- and downstream regions can cause
low-frequency oscillations in the plasma, so-called Alfvén waves (Alfvén, 1942). These
instabilities propagate along the magnetic field lines with wavelengths comparable to

the Larmor radius, ' 77

2

yme
= )
rL ZeBC() ; ( )

with v being the Lorentz factor, m the particle mass, Ze the particle charge, ¢y the
speed of light in vacuum, B the magnetic field strength. If the wavelength of the Alfvén
waves is equal to the Larmor radius, strong interactions between the cosmic rays and the
magnetic fluctuations scatter the particles and create a diffusive random walk pattern of
cosmic rays along the field lines and repeated interactions between the particles and the
shock front (Kulsrud and Pearce, 1969; Skilling, 1975a; Skilling, 1975b; Skilling, 1975c).
When a particle crosses the shock front from the upstream into the downstream side, the
diffusive random walk can lead to it either remaining in the downstream region, exciting
the acceleration process and contributing to the overall cosmic ray spectrum, or crossing
the shock front again into the upstream region while gaining more energy. In the rest
frame of the particle, the upstream or downstream side of the shock front approach the
particle with a speed of uy /5 = 3u/4, where uy /2 1s the upstream/downstream velocity,

'The radius of a circular motion of a charged particle in a uniform magnetic field



due to the compression ratio for strong shocks. This results in a net energy gain of the
particle for a full crossing of:

AE u
— X —. 6
T %7 (6)
From this, the energy of the particle after n crossings can be computed as:
AE\"

with Ey the injection energy of the particle, while the number of particles present in
the shock front N can be computed as:

N:NO(l_Pesc)na (8)

with Peg the particle escape probability and Ny the number of particles initially present
in the shock. Equation (7) and Equation (8) can be combined to yield a description of
the particle spectrum. This requires the assumption that the cosmic ray distribution is
isotropic and that the shock velocity is much smaller than the velocity of the cosmic
ray. Additionally required is the inability of cosmic rays to escape far upstream and
downstream. With these requirements, the particle spectrum is described as:

—Q
W (L) o)
dE Ey
with @ &= 2. A more detailed explanation is given in Bell (2013).

The maximum energy cosmic rays can achieve through diffusive shock acceleration
depends on the rigidity of the particle. The Larmor radius defined in Equation (5) can
also be expressed in terms of rigidity R as v, = Rcg/B. This means that particles
with low rigidity will have a small Larmor and will leave the acceleration site before
gaining large energies. Particles with high energies will be confined for a longer time
and cross the shock more often. This leads to the preferential acceleration of heavier
particles, explaining why the iron knee is located at higher energies than the proton knee.
Additional processes influencing the maximum energy of an acceleration site are the
magnetic field strength, the size of the acceleration region, the shock velocity, and the
lifetime of the acceleration site (Perri et al., 2022). The first-order Fermi acceleration is
believed to be one of the main acceleration mechanisms responsible for the acceleration
of particles to the highest energies.

1.2 Acceleration Sites

However, even considering first-order Fermi acceleration, a single shock crossing is
not enough to explain the observed cosmic ray energies. A cosmic ray needs to be
accelerated repeatedly, which can be most efficiently achieved if the particle is confined
to the acceleration site, as once the particle has escaped the acceleration region it is
generally assumed that it is unable to further gain energy. From this, it can be inferred
that the maximum energy €pnax is reached when the Larmor radius of the particle equals
the extension of the accelerator:

€max = ZeCoBRacc , (10)



where Ze is the electric charge of the accelerated particle, B the magnetic field of the
environment and R the extension of the acceleration region (Hillas, 1984). This
simple equation assumes the idealized condition of a perfectly confined particle moving
with a speed close to the speed of light and should, therefore, only be seen as a first-order
approximation. For sub-relativistic particles, the factor 5 (with 8 = u/c) is used as a
correction for the slow motion (Matthews and Taylor, 2021). When the energy gain is
mostly due to diffusive shock acceleration, the equation is modified by multiplying it
with the shock velocity u/c, and for non-idealised systems an acceleration efficiency 7
(with 7 < 1) is included (Alves Batista et al., 2019b).

This requirement for the maximum energy is usually referred to as the Hillas criterion.
Not taking into account further effects, such as limitations due to energy loss, potential
acceleration sites are plotted as a function of their extension and magnetic field in
Figure 1.2. Also shown as lines in the Figure are the minimally necessary magnetic field
and extension to accelerate protons up to energies beyond the respective features of the
cosmic ray spectrum. While objects like supernova remnants, pulsars, and pulsar wind
nebulae (PWNe) are capable of accelerating cosmic rays up to 10!% eV, they cannot be
responsible for cosmic rays detected at the highest end of the cosmic ray spectrum. Only
extragalactic objects like active galactic nuclei (AGN) or gamma-ray bursts (GRBs) are
theoretically capable of accelerating particles up to the energies observed at the highest
end of the cosmic ray spectrum. A thorough review of the acceleration of particles
above ~ 107 eV can be found in (Blasi, 2014).

1.3 Transport Mechanisms

Aside from the acceleration of cosmic rays to very high energies, it is also important
to understand the properties of the propagation of the cosmic rays in the interstellar
medium (ISM). For this purpose, the population of cosmic rays can be split into
primary particles and secondary particles. The primary particles are directly produced
and accelerated in astrophysical sources. The secondary cosmic rays are caused by
interactions of primary cosmic rays with the ambient medium, nuclear fragmentation,
or radioactive decay of the primaries. The ratio between primary and secondary cosmic
rays can then be used to test different propagation models (Strong and Moskalenko,
2000; de la Torre Luque, 2022). The currently favoured model for galactic cosmic ray
propagation is a diffusion model, following a hypothesis about the behaviour of turbulent
fluid presented in Kolmogorov (1991). Applied to cosmic ray propagation, this theory
postulates that turbulent magnetic fields in space cause cosmic rays to diffuse randomly.
The cosmic rays are scattered by irregularities in the magnetic field, and this scattering
results in diffusion. The diffusion coefficient depends on the energy of the cosmic rays
and the properties of the turbulence. A thorough review of the current state of research
in this field can be found in Amato and Casanova (2021). Since this work focuses on
signal from astrophysical sources within the galaxy, the propagation of cosmic rays from
extragalactic sources is not addressed here. A comprehensive overview of the topic can,
however, be found in Kuempel (2014)

1.4 Gamma-ray production

Studies of the cosmic ray spectrum and composition are very valuable to understanding
the production and diffusion mechanisms of highly relativistic particles in the galaxy and
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Figure 1.2: Hillas diagram depicting the relation between magnetic field strength
and source extension for various astrophysical sources. The diagonal lines depict the
boundary above which a source is able to accelerate protons up to the respective energies
of the spectral knee, ankle and the cutoff of the cosmic ray spectrum at 10?0 eV. Figure
taken from Becker Tjus and Merten (2020)



beyond. The cosmic ray particles themselves can however not be used to gain insights
into individual sources due to their deflection in the interstellar or intergalactic magnetic
fields. To overcome this hurdle and trace the particle acceleration sites directly, Cocconi
(1960) proposed the usage of detectors sensitive to highly energetic photons produced
through interactions of the accelerated cosmic rays with the ambient photon fields of
the ISM. Since these y-rays have no electric charge, they propagate undisturbed by
magnetic fields and can be traced back to their origin. While some interactions between
cosmic rays and particle populations of the ISM take place after the cosmic rays have
propagated away from the source, forming a diffuse y-ray background, the probability of
these interactions is highly enhanced in the vicinity of cosmic ray accelerators through
an increased matter density in those regions. Therefore, the mechanisms under which
these «-rays are produced are highly dependent on not only the density but also the type
of incident CR. The following discussion of the different possible interaction mechanisms
is in accordance with Aharonian (2004).

1.4.1 Bremsstrahlung and Pair-Production

Bremsstrahlung is electromagnetic radiation produced by a charged particle, typically
an electron, which is decelerated due to the influence of another charged particle, such
as a hydrogen nucleus. This energy change of the initial charged particle results in
the emission of photons. The photons produced in the interaction can either escape,
or if enough energy has been transferred to the photon, it can interact with another
electron or nucleus in the material and produce an electron-positron pair. This particle
pair can again lose energy through bremsstrahlung, creating a particle cascade. An
important parameter for the development of such cascades is the amount of matter a
particle can traverse before it has lost 1/e of its energy. This parameter is referred to
as the radiation length, Xy, and can be expressed as:
7 -1
Xo = § . (nao) (11)

with n the number density of the gas and oy the cross section of bremsstrahlung or
pair-production. A highly relativistic lepton is able to produce high energy ~-rays in
this manner until it has reached its critical energy (E¢ix = 350 MeV for hydrogen gas
(Aharonian, 2004)), after which ionization losses dominate.

Using the expression for the radiation length defined in Equation (11), the average
energy loss rate can be described as:

(), = (")« (12

with the corresponding electron lifetime ty,,:

E n -1
by = — %4-107-< ) . 13
b dE, /dt yr (13)

1.4.2 Electron-Positron Annihilation

The electron-positron annihilation process mainly involves the interaction of relativistic
positrons with thermal electrons of the ambient medium through ete™ — 2+.



The estimated annihilation lifetime for relativistic positrons is:

tann =

8 Et 6 et n -1
~ 4 % 10 ( ) : 14
30ZcnIn(2e4) — 1 In(2e4) —1 \1 cm—3 yr (14)

where ¢4 is the positron energy. When comparing this annihilation time to the
bremsstrahlung cooling time in Equation (13), one finds that for positrons with
B = e; - mec > 16 MeV, the annihilation time is shorter than the bremsstrahlung
cooling time. This implies that annihilation dominates over bremsstrahlung for positrons
with energies of less than 16 MeV. A more thorough discussion of this process can be
found in Section 3.1.2 in Aharonian (2004).

1.4.3 Synchrotron Radiation

~-rays produced by relativistic charged particles moving in a magnetic field are referred
to as synchrotron radiation. While the charged particle moves through the magnetic
field, it experiences a Lorentz force perpendicular to the field lines of the ambient
magnetic field. This induces a circular motion around the field line. The average energy
loss rate of an electron through this acceleration can be described by:

2
() = 3 (e = joreas U (15)
with Ug = B?/87 the energy density of the magnetic field, 8 = u/c the particle
speed, v the Lorentz factor and o =~ 6.65 - 1072% cm? the Thomson cross-section. The
proportionality dE/dt oc v2/m? follows from Equation (15). Using 72 o< 1/m?, the
energy loss depends on the mass of the particle as dE/dt oc v2/m2 oc 1/m?. This results
in the energy loss for protons being (m./m,)* ~ 10712 times slower.
The energy loss can be translated into the synchrotron cooling time tgyy:

. __E 1
0= TqE/dt * EB?-

(16)

Using this equation and the dependence of the energy loss on the mass, Aharonian
(2004) shows that the time needed for radiation of a synchrotron 7-ray to be emitted by
a proton is (m./ mp)5/ 2 ~ 108 times longer than the cooling time of a lepton.

This effect is even more pronounced for cosmic ray particles with higher mass,
therefore making the detection of synchrotron emission a clear indicator that the parent
cosmic ray population contains electrons.

The energy of the emitted synchrotron photons can be related to the energy of the
parent lepton via (Funk, 2015):

B E. \?
FEen =02——— . 1
ya =0 10puG (1 TeV> eV (17)

Assuming a parent population of TeV electrons, this results in a peak in the spectrum
at around 0.2 eV. The spectral shape of the «-ray emission produced due to synchrotron
emission can be seen in Figure 1.3. Besides the maximum, this spectrum also shows a
pronounced cutoff at ~ GeV energies. This cutoff is a result of different effects. The
inverse proportionality between the synchrotron cooling time and the lepton energy
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Figure 1.3: Example spectral energy distribution of high energy cosmic ray electrons, as
well as the v-rays spectrum resulting from synchrotron radiation and Inverse Compton
scattering. Figure taken from Funk (2015)

shown in Equation (16), leads to a spectral break due to the domination of radiative
losses at higher energies. At even higher energies, the Klein-Nishina (KN) regime, the
energy of the emitted photon approaches a significant fraction of the electron energy,
resulting in a softening of the spectrum. This break occurs at energies where the cooling
time scales approach the age of the source (Funk, 2015).

1.4.4 Inverse Compton Scattering

Compton scattering describes a highly energetic photon scattering off a low energetic
charged particle and losing energy in the process. Inverse Compton (IC) scattering
describes the opposite, the low energetic photon gains energy through the collision with
a relativistic charged particle. The latter is the relevant process in the astrophysical
context, describing the upscattering of photons, mostly originating from stellar radiation
fields and dust in the ISM, to very-high energy (VHE) ~-rays by interacting with
accelerated cosmic rays, mainly electrons and positrons.

Following the calculation outlined in Section 13.2.2 in Vink (2020), the relation
between the initial photon energy and the energy after the collision can be calculated
as:

1/7’2 1 — B cos(O) (18)
v 1—pcos(0—a)+ "/TZ:CZ(I — cos(a))

with © the angle between the photon and electron before the collision. Using Equation
(18), the process can be divided into two regimes. For non-relativistic electrons, the
photon energy in the rest frame of the electron is smaller than the electron mass
hv < ymec®. In this case, v/ ~ v, and the electron loses energy continuously over
many interactions. This energy range is called the Thomson regime. For relativistic
electrons with hv > ym.c?, the electron loses a significant portion of its energy in every
interaction. This is referred to as the Klein-Nishina regime.
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The overall IC scattering cross section oic can be approximated with:

3o 2 2 1 4 1
=0T (-2 S ) Im(1+2 S 19
71¢7 R [( Ko ﬁ%) n(l+ KO)+2+/€0 2(1 + 2r0)? (19)

with kg = wgee the product of the energies of the interacting photon wgy and electron e,
(Aharonian, 2004). In the Thomson regime this simplifies to o1c ~ o1(1 — 2k) while it
decreases with g in the Klein-Nishina regime to o1c & (3/8)orky * In (4#0).

In addition to the different interaction cross sections, the energy loss rate shows a
different dependence on the electron energy:

dE 4 )
<H)T = §O'Tcwonph€e (20)
dFE SUTcnph
— = - -(In(4 —11/6 21
(S7) =575t (n (amo) = 11/ (21)

with n,, the photon number density. The energy loss rate in the Klein-Nishina regime
is therefore almost energy independent, while the energy loss in the Thomson regime
depends on €2. This implies that in the Thomson regime, the electron spectrum hardens
with increasing energy, while it softens in the Klein-Nishina regime. IC scattering is
possible with all charged particles, however, the interaction of ISM photons with cosmic
ray protons is suppressed by a factor of (m./my)*.

For lepton energies in the Thomson regime, efficient upscattering takes place, and
the spectrum of the resulting v-ray emission steadily increases. Beyond the transition
into the Klein-Nishina energy regime, the leptons lose a large fraction of their energy
per interaction, reducing the number of upscattered photons. This interplay leads to a
peak in the y-ray spectrum, which can be seen in Figure 1.3. Assuming a population of
electrons that all have the same energy, the ~-ray spectrum resulting from IC scattering
of these highly energetic cosmic-ray leptons on target photons can be described by a
black-body spectrum that peak at (Funk, 2015):

E E, \?2
Eic=5-10"—— € vV 22
1© 1036V <1TeV o (22)

where E, is the photon field.

1.4.5 Pion Decay

While previously discussed radiation mechanisms involve mainly leptons, the pion decay
channel is a radiation mechanism exclusive to hadronic cosmic rays. The hadronic
cosmic rays collide with atomic nuclei present in the local medium, resulting in the
formation of hadrons consisting of two quarks, so-called mesons. These particles only
have a short lifetime and decay into lower-mass mesons, muons, neutrinos, electrons
and positrons, as well as photons. While this radiation mechanism is often referred
to as pion decay, since pions (7°, 7%) are the most abundantly produced mesons, a
contribution from other mesons, especially kaons and hyperons, is not excluded.

Once a proton exceeds the energy Ey,, = 2m.c*(1 + my/ 4my) ~ 280 MeV, pions
can be produced in collisions with the ambient medium. The neutral pions then decays
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Figure 1.4: Spectral energy distribution of high energy cosmic ray protons, as well as
the y-rays spectrum resulting from collisions of these protons with the ambient medium.
Figure taken from Funk (2015)

after a mean lifetime of £,0 = 8.4-107'"s (Navas et al., 2020) to 7° — ~v. The charged
pions decay after t .+ = 2.6-10~%s (Navas et al., 2020) as:

™ uF + vy
. I (23)
po— e +retyy

Through this channel, «-rays are produced directly by the meson decay, as well as
by synchrotron cooling of the resulting electrons/positrons. The direct decay of neutral
pions results in a distinct feature in the y-ray spectrum at the threshold energy of
E, = 67.5MeV (half of the rest mass of the neutral pion), the so-called pion bump and
is therefore characteristic only for hadronic «-rays (for more information see (Stecker,
1971)). As shown in Aharonian (2004) (Section 3.1.3.1), the cooling time for this process
is almost energy-independent above =~ 1 GeV, implying that the y-ray spectrum can be
used to gain direct information about the acceleration spectrum of the parent proton
population. Figure 1.4 shows an example y-ray spectrum resulting from the pion decay.

1.4.6 Summary

While Bremsstrahlung may well be relevant for the production of «-rays in e.g. solar
flares or the production of VHE ~-rays in environments with a high gas density, due to
the relation of the energy loss rate (Equation (12)) to the number density of the gas,
the energy losses from synchrotron and IC scattering generally dominate over the losses
by bremsstrahlung and pair production for relativistic electrons.

A thorough comparison between the energy losses of cosmic rays from synchrotron
and IC scattering is given in Aharonian et al. (1997). Assuming the photons of both
radiation mechanisms arise from the same parent electron population, the photon
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energies are relat ed as:
FEgon E B
YD~ 0.07 IC 1C

= 0. . 24
1keV 1TeV10-5G (24)
With the flux ratio depending only on the magnetic field:
105G)°
Fic = 0.1Fy, < ) , (25)

indicating a domination of the IC Flux for magnetic fields below 3.2 uG.

While all possible production mechanisms have been well studied in Laboratory
settings, the identification of the underlying physical process in the various astrophysical
accelerators is not a straight forward process, and very often the same ~-ray spectrum
can be reproduced using different radiation mechanisms or more than one radiation
mechanism can be present in the same source.

As discussed above, the identification of a pion-bump in the spectrum is a clear
indicator of the acceleration of hadronic cosmic rays at a shock front, for example, in
an SNR. However, the production of positrons and electrons from the decay of charged
particles at the same acceleration site means that a contribution from synchrotron or
IC scattering is likely to also be observed. Similarly, as discussed later in Chapter 4, an
acceleration of hadronic cosmic rays is possible in environments where predominantly
the acceleration of leptons is expected (e.g. Pulsar Wind Nebulae).

1.5 Overview of known ~v-ray Sources

The above-mentioned fundamental radiative mechanisms responsible for «-ray emission
provide the foundation for understanding astrophysical objects that act as gamma-ray
sources and their observed ~-ray spectra. Using the characteristics of the different
radiative mechanisms, as well as combining information from observations over a large
range of photon energies, many -ray sources have related to different source types.

The individual sources can be broadly clustered in two different categories depending
on their location, galactic and extragalactic sources. The galactic y-ray source population
is thought to consist predominantly of PWNe and Supernova Remnants (SNR), whereas
the extragalactic y-ray source population consists primarily of AGNs and GRBs.

Figure 1.5 shows the VHE ~-ray sky as observed by Fermi-LAT. There are three
distinct features that are observable for y-ray telescopes, the galactic diffuse emission,
individual point sources and extended sources, and the isotropic gamma-ray background
(IGRB) or extragalactic background. A brief overview of the main ~-ray source classes
is given in this section, while a more in-depth overview of Supernova explosions, as well
as pulsars and their environments, is given in Chapter 4.

Supernova Remnants

SNR are the expanding shells of gas and debris left behind after a supernova explosion.
The supersonic expansion of the ejected stellar material creates a shock front in the
surrounding interstellar medium. These shock fronts then act as acceleration sites for
diffuse cosmic rays, resulting in a y-ray spectrum that is dominated by a hadronic
component at higher energies and a leptonic synchrotron component dominating at
lower energies. A more detailed review of Supernova explosions and their remnants can
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Figure 1.5: All-sky map of y-rays above 1GeV as seen by the Fermi-LAT detector
based on 5years of continuos data acquisition. Image Credit: NASA/DOE/Fermi LAT
Collaboration

be found in Section 4.1, and a thorough review of SNRs in a multi-wavelength context
can be found in Vink (2020).

Pulsars and their Nebulae

During the supernova explosion, the progenitor star collapses into either a rapidly
rotating neutron star (NS) or a black hole, depending on the progenitor mass. If the
magnetic and rotation axis of the NS are misaligned, electrons and positrons accelerated
from the surface of the star can escape over open field lines. This results in beamed
electromagnetic radiation.

These relativistic electromagnetic particles interact with the surrounding medium,
creating a standing shock wave. The electrons and positrons from the pulsar wind are
then accelerated at the shock wave through diffusive shock acceleration and produce a
~-ray signal through synchrotron radiation and IC scattering with photons from the
CMB, starlight, or the synchrotron photons themselves. This extended ~-ray bright
region around the pulsar is referred to as PWN and is today the most numerous class of
galactic v-ray sources known. A more thorough discussion on the formation of pulsars
and their environments can be found in Section 4.

Active Galactic Nuclei

AGNs are active supermassive black holes situated at the centre of galaxies. Infalling
matter onto the black hole powers the formation of relativistic jets of collimated plasma,
which are aligned along the rotational axis of the black hole. Cosmic rays are accelerated
in these jets, giving rise to an observable y-ray signal.

The nature of these jets, as well as the composition of the accelerated particles, is
still poorly understood. In particular, the contribution of hadronic and leptonic models
to the observed ~-ray emission is still debated. A thorough review, including an in-depth
discussion of the hadronic and leptonic models for AGNs can be found in Dermer and
Giebels (2016).
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Gamma-ray Bursts

GRBs are extremely energetic, short-lived y-ray signals. Their signal is thought to be
caused by the death of massive stars or mergers of binary compact objects, which result
in the formation of an ultrarelativistic shock front. The signal observed from the GRBs
is therefore twofold, first, highly energetic ~-rays are produced in the inner shell while
the burst occurs, resulting in a millisecond to hundreds of seconds long flash. Then,
a delayed, less energetic afterglow results from the acceleration of cosmic rays on the
shock front, which quickly decelerates and merges with the ISM. This stage can last up
to several months. The origin of the emission from GRBs is still uncertain, and it may
involve both leptonic and hadronic processes (Gill and Granot, 2022).

GRBs are, so far, the most energetic explosions that have been observed. The
brightest GRB observed to date is GRB 221009A, with photons of ~ 10 TeV being
detected (Cao et al., 2023b). This would imply a proton acceleration up to ~ 103 EeV
(He et al., 2024). A comprehensive review of GRB formation and classification can be
found in Luongo and Muccino (2021).

Stellar Clusters

Young (< 30 Myr) and massive stellar clusters have recently emerged as potential y-ray
sources due to their spatial coincidence with the detection of extended 7-ray emission
(Bartoli et al., 2014; Abramowski et al., 2012; H.E.S.S. Collaboration et al., 2011).
These clusters harbor a large number of massive stars that individually steadily lose
mass via stellar winds. In stellar clusters, a collective wind forms which is believed
to be a region of efficient acceleration of nucleons. These can then interact with the
stellar wind itself and produce «-rays via the decay of neutral pions. For a cluster age of
> 3 Myr, this effect is combined with the increased chance of massive stars in the cluster
undergoing a Supernova explosion, further contributing to the acceleration of cosmic
rays in the region. A more in-depth discussion on stellar clusters as y-ray sources can
be found in Morlino et al. (2021a) and Celli et al. (2024).

Stellar Binaries

The different types of stellar binaries are very diverse, resulting in vastly different
multiwavelength spectra for the different combinations of stellar objects. However, only
a handful of them are known +-ray emitters. These divide into four different categories:
microquasars which are powered by accretion onto a black hole or neutron star, colliding
wind binaries powered by interactions of the stellar winds; novae which are created
by a thermonuclear runaway process in white dwarfs and pulsar binaries which are
powered by the interaction between the relativistic wind of a pulsar and the wind of
a massive companion star. Since in each of these cases, particle acceleration occurs
through distinct mechanisms resulting in gamma-ray emission via leptonic and hadronic
processes, a thorough study of the resulting spectra, as well as the orbital modulation,
can be crucial to identifying the underlying acceleration mechanism. A review of the
classification of binaries as well as their particle acceleration is given in Dubus (2015)
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Galactic Diffuse Emission and Extragalactic Background

Galactic diffuse y-ray emission arises predominantly from interactions of relativistic
cosmic rays with the local ISM as well as radiation fields. The diffuse emission, therefore,
traces the distribution of gas and dust and is very bright in the galactic centre region,
as well as along the galactic plane. This diffuse emission has been observed from GeV
(Ackermann et al., 2012) up to hundreds of TeV (Cao et al., 2023c). These measurements
are not only central to estimating its contribution in specific sky regions when analysing
specific «y-ray sources but can also be used to study the propagation of cosmic rays in
the Galaxy and probe the content of the ISM itself. A more in-depth analysis of the
implications of galactic diffuse emission measurements by Fermi-LAT on the cosmic ray
and ISM distribution is given in Ackermann et al. (2012).

The isotropic gamma-ray background (IGRB) is an isotropic distribution over the
entire sky. It consists of diffuse y-rays from two different contributions, unresolved
extragalactic sources from 7-ray emitters which are too faint to be observed with the
respective telescope or still unknown source populations, and a possible contribution
from cosmological processes like dark matter annihilation or decay. This makes the
IGRB for a given study dependent on the amount of resolved sources and, therefore on
the sensitivity of the instrument. A more often referred to quantity is the extragalactic
background (EGB), which consists of the sum of the IGRB and the resolved extragalactic
sources. More information on the implications of extragalactic diffuse y-rays in the TeV
energy range can be found in Dwek and Krennrich (2013). For even higher energies, the
EGB can be neglected as the universe is essentially opaque to «-rays with energies higher
than 100 TeV, due to electron-positron pair production on extragalactic background
light.
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2 Gamma-ray Detection Techniques

~-rays span a wide range of energies, from ~ 100keV to ~ 100 TeV. Due to limitations
of the current detection techniques (see Section 2.1.2 for more information), the current
energy threshold above which ~-rays can be extensively studied is &~ 1 MeV. Photons
between ~ 1 MeV and 100 GeV are referred to as high-energy (HE) 7-rays while very-
high-energy (VHE) 7-rays are in the range between 100 GeV and 100 TeV.

The current y-ray detectors are broadly divided into two categories: space-based
detectors, which detect HE v-rays, and ground-based detectors, which detect VHE
~-rays. This distinction needs to be made due to the steep y-ray spectrum. While
space-based detectors are able to observe the HE ~-ray range, only few ~-rays are
expected to be measured at the highest energies, and the possibly employable detection
area of these detectors could not collect a sufficient y-ray flux. A detection of ~-rays
from the surface of the earth, where large detection areas can be used, however is only
possible for VHE v-rays, since earth’s atmosphere is opaque to y-rays and the signal
from HE ~-rays is too weak to be picked up by the currently employed detectors.

This work mainly focuses on the ground-based detector High Energy Stereoscopic
System (H.E.S.S.). In the analysis of the y-ray sources presented in Section 5 and Section
6, data from other experiments is also utilised. These experiments include the space-
based detector Fermi-LAT, the High-Altitude Water Cherenkov Observatory (HAWC)
and the Large High Altitude Air Shower Observatory (LHAASO). The next chapter
provides a short introduction to the space-based detectors and especially Fermi-LAT,
before ground-based detectors will be discussed in detail.

2.1 Space-based ~-ray Detectors

Due to the opacity of the earth’s atmosphere to «-rays, direct detection is not possible
from within the atmosphere. Space-based detectors are, therefore a vital instrument
to observe the v-ray sky, especially in the MeV to GeV range, where ~-rays do not
carry enough energy to be observed by ground-based instruments (for more details see
Section 2.2.1).

2.1.1 Overview

The first v-ray observations were acquired by a detector mounted on a satellite, which was
launched in 1961, consisting of a Photo multiplier and a crystal scintillator (Kraushaar
et al., 1965). Not long after, the first y-ray survey was performed by a similar detector
onboard the third Orbiting Space Observatory (OSO-3) (Kraushaar et al., 1972). Since
then the understanding of the y-ray sky over a large energy range up to ~ 1TeV has
drastically increased with the two most important space-based ~-detectors being the
Energetic Gamma Ray Experiment Telescope (EGRET, (Fichtel et al., 1994)) and its
successor the Large Area Telescope (LAT), (Atwood et al., 2009a) mounted on the Fermi
Gamma-ray Space Telescope (Thompson and Wilson-Hodge, 2022). Using the LAT it
has become possible to detect y-rays from space up to energies above 300 GeV, creating
an overlap with the detection capability of many ground-based detectors. Space-based
~v-ray detection does, however, have its limitations. Due to the relatively strict weight
limitations of mounting the detector to a satellite, it has not been possible to design a
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Figure 2.1: 3 o sensitivity curve of past and current hard X-ray and +-ray detectors for
an exposure of 12days. Figure taken from Bambi and Santangelo (2024).

detector with a detection area of > 1m?, making the detection of several TeV 7-rays
unfeasible.

At energies smaller than 10 MeV, the interaction of photons with matter starts to
be dominated by Compton scattering rather than pair-production (Thompson, 2015).
In this case containing the photon in the small detector and reconstructing its initial
parameters becomes challenging. An additional complication for the detection of photons
at this energy is the high rate of cosmic ray events. A combination of these effects
results in a ‘MeV Gap’ in the sensitivity of past and current detectors. This is illustrated
when comparing the sensitivity curves - showing the minimum detectable photon flux
within a specified observation time as a function of energy - of space-based detectors in
Figure 2.1.

More information regarding the development in the field of space-based telescopes
and a comparison between EGRET and LAT can be found in Thompson (2015).

2.1.2 Fermi-LAT

The LAT is a pair-conversion detector that can detect y-rays in an energy range of
~ 20MeV to > 300 GeV by providing an environment in which the highly energetic
~-rays undergo pair production. The effective detection area, referring to the area of the
detector sensitive to the detection of «-rays after considering inefficiencies, geometric
constraints, and reconstruction failures, is < 1m? with a field of view (FoV) of 2.4sr.
Since its launch in 2008, it has observed the sky almost continuously.

Design

The discussion about the LAT and its detection capabilities given in this Section follows
the information provided in Atwood et al. (2009b).
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Figure 2.2: Schematic of the LAT on board the Fermi satellite. Indicated in white are
the ACD tiles around a tracker module and the calorimeter. Figure taken from Atwood
et al. (2009b).

The detector consists of several different layers in which different signal properties
can be obtained. A schematic of the structure of the LAT detector is shown in Figure
2.2. The primary particles first pass through an Anti-Coincidence Detector (ACD),
which is used to distinguish between ~-ray and cosmic ray events. After that, the
particle enters the tracker which consists of several layers of dense material, in which
the photon undergoes pair-production. From there, the lepton pair enters a calorimeter,
in which the energy of the electron and positron are measured.

The ACD consists of plastic scintillator tiles which are read out by two wavelength-
shifting fibres coupled to silicon photomultipliers (SiPMs). These SiPMs are more
compact and lighter compared to Photo Multiplier Tubes (PMTs) and, therefore, better
suited for use in the compact design of the LAT. When a charged particle passes through
the scintillator tiles, it produces a strong signal, while y-rays typically do not deposit
a large amount of energy in the ACD, providing a strong indication for background
rejection.

The ~-ray, after passing through the ACD, enters the tracker and interacts with
the tracker material. In the MeV to GeV energy range the primary interaction of
photons and matter is pair-conversion into an electron-positron pair in the Coulomb
field of an atomic nucleus. In the LAT tungsten foil converters are used to facilitate
the pair-conversion. Due to the inverse proportionality of the atomic number (Z) with
the radiation length X (see Equation (11)), a material with a high atomic number is
desirable to ensure a high interaction probability of the y-ray. The path of the charged
leptons in the high-Z material is not straight due to interactions with the material
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through multiple Coulomb scattering. The scattering angle is given in a Gaussian
approximation as:

O = 13.6@1}\9/16\/\/93/)(0 (14 0.0381n(z/Xo)) (26)
with v and p the velocity and momentum of the particle and = the thickness of the
material (Lynch and Dahl, 1991). Therefore, the high-Z material is disadvantageous
because of the large Coulomb scattering angle. To solve this problem, the converting
material in the LAT is broken into 16 thin layers, between which silicon-strip detectors
(SSDs) are located to track the lepton path through the successive planes.

After exiting the conversion tracker, the electron-positron pair resulting from the
incident ~-ray passes through a calorimeter where the energy of the e™ and e~ is
measured. 96 optically isolated Csl crystals are located in each calorimeter module,
and the scintillation light is read out by PIN photodiodes mounted on both ends of
the crystals. This segmentation of the calorimeter allows for the imaging of the spatial
development of successive pair conversions and annihilations (shower development),
providing an additional channel to distinguish between CR-induced hadronic air showers
and leptonic air showers (see Section 2.2.1).

The LAT is designed to measure y-rays up to 300 GeV. For measuring y-rays up
to such energies, a heavy calorimeter (~ 1800kg) is necessary to contain the full
development of the shower initiated by the electrons and positrons (Atwood et al.,
2009b). However, a dense, high-mass calorimeter also increases the chance of Compton
scattering in the electromagnetic shower. If the electrons and positrons then enter the
ACD, it can lead to the event being flagged as a cosmic ray event. These false negatives
are called the backsplash effect. To suppress the effect, the ACD is segmented, and only
the segment near the incident candidate is considered.

The trigger of the LAT is formed from the tracker, the calorimeter, and the ACD
subsystems, with the tracker being the principal trigger. A first-level trigger is the
coincident detection of a charged particle in at least three successive layers in the tracker
area, with the efficiency of this first-level trigger for charged particles being almost
100% (Atwood et al., 2009Db).

Event Reconstruction

For the event reconstruction, information from all subsystems is combined. The term
event in this context refers to a signal that triggers the detector and can be reconstructed.
Once the detector has been triggered, the tracker signal is used to reconstruct the trajec-
tory of the incident y-ray by measuring the angle and separation of the electron-positron
pair and the reconstructed energy is gained from the energy deposited in the calorime-
ter. The reconstruction of the events track and energy relies on Monte Carlo simulations.

The direction of the incident y-rays can be estimated using an approximation of the
opening angle between both particles to © oc 0.8E7 1 with E. in the MeV range (Olsen,
1963). Above 100 MeV the opening angle is small enough that the track directions can
be used directly to reconstruct the direction of the incident photon (Thompson, 2015).

The spatial response of the detector to a point source, or Point Spread Function
(PSF) of the SSDs, is limited by multiple Coulomb scattering of the e™ and e~, as
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Figure 2.3: Performance of the LAT. Left: Effective detection area versus energy for
different levels of background rejection. Right: 68% containment radius for ‘front’ events
with different incidence angles of 0° (solid curve) and 60° (dashed curve). Figures taken
from Atwood et al. (2009b).

well as bremsstrahlung. It is, therefore, important to measure the direction of the
leptons directly after the pair conversion. In its current form, Fermi-LAT is limited to
a PSF of > 3° at energies around 100 MeV (Atwood et al., 2009b). The tracker itself is
divided into two regions. The ‘front’ region, with thin converters of 0.03 Xy, is used to
optimize the PSF, especially at low energies. The ‘back’ region with thicker converters
of =~ 0.18 X, maximizes the effective detection area at the cost of a slightly worse PSF
compared to the ‘front’ region (roughly a factor two at 1 GeV). The relation between
effective detection area and PSF with energy is shown in Figure 2.3.

The particle track reconstruction is done employing two track-finding algorithms
that compare a particle track hypothesis to the readout of the sensors. The first algo-
rithm, Calorimeter-Seeded Pattern Recognition (CSPR), uses a rough estimate of
the total energy deposited in the calorimeter. This information is then used to combine
different hits along possible path trajectories using Kalman fitting (Kalman, 1960).
Only the track with the smallest x? is retained by the algorithm. The second algorithm,
the Blind Search Pattern Recognition (BSPR) operates similarly to the CSPR, but
without calorimeter information by identifying at least 3 hits along a possible particle
trajectory. The resulting paths are combined into vertices to evaluate if some of these
tracks result from the same parent particle, and the energy is estimated from the amount
of multiple scattering between different possible tracks.

For energies E, > 2m,, with m, the rest mass of the electron and positron, only
a negligible amount of energy is not transferred to the lepton pair. Energy reconstruc-
tion is done by evaluating the total energy and location of the triggered Csl crystals.
Three different algorithms are used for the exact energy reconstruction of every event:
fitting the shower profile (SP) for initial energies above 1 GeV, a maximum likelihood
(LK) fit on the correlations of deposited energy for initial energies below 300 GeV and
a parametric correction (PC). The reconstructed particle track is used to account for
leakage out of the calorimeter or in between the calorimeter modules. Then, a classifica-
tion tree is used to average over the results to find the most probable reconstructed
energy and track. At energies below ~ 100 MeV it also becomes important to account
for energy lost in the tracker (~ 0.5Fiq, with Fi the total energy of the primary
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~-ray), using the number of hit silicon strips.

Background Rejection

Due to backsplash it is not possible to reject all ACD-triggered events. If, however, the
ACD trigger is used in comparison with the reconstructed particle track, a likelihood of
the event being a cosmic ray can be established. The topology of the shower initiated
in the calorimeter provides further means to distinguish between background and signal
(see Section 2.2.1 for more information). Using the system trigger described above, as
well as event reconstruction, the cosmic ray background can be reduced by a factor
of 10 while keeping more than 75% of the y-ray events (y-efficiency) (Atwood et al.,
2009b).

The importance of background rejection and signal retainment can vary for different
target observations. It is for example, important to reject a sufficient amount of
background for extended, diffuse sources, while it is more important to retain almost
all v-rays in the analysis of point-like, short-lived signals like GRBs. LAT, therefore
provides 3 different classes for the processing of the data:

1. ‘Transient’: This class maximises the effective area with a high residual background
rate of 2Hz. It is used for monitoring transient objects like GRBs,

2. ‘Source’: This class has a residual background rate of 0.4 Hz and is used for
detection of point sources or slightly extended sources below 1°

3. ‘Diffuse’: This class is suitable for the study of the weakest diffuse sources by
providing a residual background rate of 0.1 Hz.

After the signal processing, it is reasonable to assume that the remaining misclassified
cosmic rays, as well as earth albedo «-rays, and diffuse or unresolved extra-galactic
~y-rays are isotropically distributed. To derive this remaining v-ray flux, a template is
created from a fit to the all-sky emission in regions with galactic latitude of |b| > 30°.

Galactic Diffuse Background Model

While accounting for isotropic background emission is important for a precise estimation
of the flux from ~-ray sources, the HE ~-ray sky is dominated by galactic diffuse emission
resulting from interactions of cosmic rays with interstellar gas and radiation fields. The
~-ray emission produced through this process is spatially coincident with the distribution
of the interstellar gas density, which is highest in the galactic plane. In order to compute
a spatial model of the diffuse emission (Galactic interstellar emission model - IEM),
several different physical templates were used and the emission is modelled as a linear
combination of these templates. The computation of this model is described in detail
in Ackermann et al. (2012). With auxiliary notes detailing the changes made for more
advanced models computed since the initial publication?.

One of the templates used describes the cosmic ray transport in the galaxy. To
derive this template, the numerical code GLAPROP, which calculates the propagation

2Information for the new version, gll_iemv07.fits can be found at https://fermi.gsfc.nasa.
gov/ssc/data/analysis/software/aux/4fgl/Galactic_Diffuse_Emission_Model_for_the_4FGL_
Catalog_Analysis.pdf
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of relativistic charged particles and gives an estimate of the diffuse emission which is
produced during their propagation (Porter et al., 2017).

The distribution of diffuse interstellar gas, meaning gas not gravitationally bound in
other structures, can in first order be measured by H1 and CO gas. For the computation
of the background model template, the H14PT all-sky survey (HI4PI Collaboration et al.,
2016) and the CfA CO survey (Dame and Thaddeus, 2004) were used. These channels
are chosen since both are relatively easy to excite through collisions and H1 is optically
thin for the ISM with a typical gas temperature of Tx > 50K (Kulkarni and Heiles,
1988). For the CO emission line, this is not the case, and CO can only be used as an
accurate tracer for molecular gas through its virial mass if it is gravitationally bound.
These conditions do not apply in the ISM and further tracers are needed to determine
the full amount of molecular gas (Planck Collaboration et al., 2011). Assuming that
gas and dust are well mixed as they are produced by the same astrophysical sources,
the dust column density presents a reasonable tracer. The dust optical depth map at
353 GHz from Planck Collaboration et al. (2011) was therefore additionally used as a
template for the galactic diffuse emission.

Besides the spatial templates derived from particle propagation and target material
distribution, patches were defined. These patches consist of regions with established
large scale -ray residuals, like the the large radio lobe Loop 1 (Haslam et al., 1982), the
Fermi-bubbles, which are ‘lobes’ extending out from the Galactic centre region (Su et al.,
2010), as well as the Galactic centre GeV excess (Hooper and Goodenough, 2011). The
patches for these objects are defined from the residual y-ray intensity after the fit of the
overall model derived from the physical templates and removal of known ~-ray sources.
8 years of data, reconstructed using the ‘Source’ class, were used for this purpose. The
energy range in which the data was analysed, and therefore also in which the background
model is valid, is 50 MeV - 1TeV. This process has been iteratively repeated as the
patch itself is part of the background model, and the resulting background is smoothed
with a 3° Gaussian kernel.

Single sources were excluded from the background model using the 4FGL catalog
(Abdollahi et al., 2020). The contribution of unresolved extragalactic sources to the
isotropic background is estimated from a population synthesis presented in Acero et al.
(2016), while unresolved galactic sources were estimated to mostly be concentrated in
the galactic plane (]b| < 10°) with a flux contribution of around 3% (Acero et al., 2015).

The last two contributing templates account for diffuse «-ray emission from cosmic
ray interactions in the fine layer of dust and soil on the Moon’s surface (Moskalenko
et al., 2008; Ackermann et al., 2016) and the cosmic ray interactions in the outer solar
atmosphere (Ackermann et al., 2016) as well as IC scattering in the solar radiation field
(Abdo et al., 2011). The IEM computed for the 3FGL with 4 years of observation data
can be seen in Figure 2.4.
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Figure 2.4: All-sky projection of 4 years of data aquired by the LAT between 0.36 —
50 GeV. Top: data after inital rejection of cosmic ray events. Middle: Predicted
interstellar emission model. Bottom: Residuals after subtraction of the the IEM. Figure
taken from Ackermann et al. (2012).
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2.2 Ground-based Instruments

Earth’s atmosphere is only transparent for photons in certain regions of the electro-
magnetic spectrum, the so-called atmospheric windows. The three main windows lie in
the optical, infrared, and radio, while photons with a energy above ~ 10eV interact
strongly with atoms or molecules in the atmosphere (Alavipanah et al., 2008). This
interaction of X-ray and ~-ray photons, as well as cosmic rays, leads to a cascade of
secondary particles which can be traced using instruments on the ground.

The properties of the particle cascade can be used to distinguish between ~v-ray
and cosmic ray initiated air showers and to reconstruct the energy and direction of
the primary particle. The current generation of ground-based detectors achieve a peak
sensitivity at a few TeV for Imaging Atmospheric Cherenkov Telescopes (IACTSs) and a
few tens of TeV for Water Cherenkov Detectors (WCDs) with detection areas > 10% m?
for both detector types.

2.2.1 Air showers

An air shower is a cascade of particle decays, scattering, and collisions initiated by
a 7y-ray or a cosmic ray entering the atmosphere. These showers can be divided into
two categories: hadronic showers initiated by a charged hadron and electromagnetic
showers which are caused by a photon or lepton. This Section will give an overview
of the development of both kinds of air showers and their detection using IACTs and
WCDs, before the Section 2.3 gives an in-depth discussion about the H.E.S.S. array of
IACTs. The Section follows Bambi and Santangelo (2024). A thorough review of air
showers and their development can be found in Grieder (2010).

Electromagnetic Air Showers

An incoming highly energetic ~v-ray will produce a relativistic electron-positron pair in
the Coulomb field of nuclei in the atmosphere. The produced lepton pair will travel
further into the atmosphere and produce additional photons via bremsstrahlung. These,
in turn, can produce additional lepton pairs via pair production if their energy is
sufficient, and the cascade can reach down to sea level.

Due to this interaction cascade, the dominating factor responsible for the spatial
distribution of the electromagnetic shower is the interaction cross-section of pair-
production and bremsstrahlung. Since their Feynman diagrams are variations of each
other, the cross-section is related, and one finds for their radiation lengths: XJ™" =
(7/9)Xgrems (Bambi and Santangelo, 2024).

After travelling a distance z, the energy of a particle can be described as:

x

E(z) = Eyexp (-X) : (27)

0

with x given in units of atmospheric depth, defined as:
x(z) = /g(z)dl, (28)
!

with z = [-cos © the vertical height above sea level for small zenith angles (© < 65°) and
0(z) = poexp (—z/H) the height dependent atmospheric density. Quoting the depth x
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in units of g cm~2 and scaling it by the radiation length X is commonly done to remove
the effect of changing atmospheric density with height. Assuming dry air and a nominal
atmospheric pressure, the radiation length can be approximated as X = 36.6g cm ™2
(Navas et al., 2020).

A simple analytical derivation of the shower development assuming only bremsstrahlung
and pair-production with Xg e X(})’rems and an equal distribution of the parent particle
energy on the two secondary particles at each step is given in Heitler (1954). From this
model, it can be assumed that every particle produces two additional particles after
propagating Xoln (2). A visualization of this model is shown in Figure 2.5.

Pair production in the shower is possible until the energy of the photons in the
cascade reaches energies below 2m.. In this regime, only bremsstrahlung can further
contribute to the cascade until the critical energy E. is reached. At this energy ioniza-
tion takes over as the dominant energy loss and the shower development rapidly slows.
This critical energy is F, = 88 MeV for electrons and FE, = 86 MeV for positrons for
interactions in air (Navas et al., 2020).The time scale for the development of the whole
shower is around a few microseconds.

The cascade formation for an incoming relativistic cosmic ray electron or positron
is similar to the development of a y-ray-initiated shower. The lepton will produce a
photon either by annihilation in the case of a positron or bremsstrahlung in the case
of an electron or positron. The mean free path of the electron in the atmosphere is
slightly shorter compared to the ~-rays, this results in a higher point of first interaction
and a shower maximum which is located further up in the atmosphere, as well as a
more broad distribution at telescope level (Karpov et al., 2006). An additional effect
relevant for cosmic ray electrons is that they are subject to synchrotron and inverse
Compton energy losses while travelling through space. A significant contribution of
electrons to the rate of air showers is, therefore, only expected for either low-energy
cosmic ray electrons (F. < 100 GeV) or locally accelerated electrons at higher energies
(Grieder, 2010).

The height of the first interaction in the atmosphere is subject to strong variation
due to the low atmospheric density at these altitudes and contributes significantly
to strong variations in the shower development. After the first interaction, which is
expected to occur roughly at a height of ~ 35km above sea level, the number of particles
in the air shower increases until the shower reaches a maximum and ionization losses
dominate. The atmospheric depth .« of this maximum depends on the initial particle
energy following Equation (27):

E
Tmax = XoIn <E”> : (29)

For a ~-ray with an energy of 1 TeV, the shower maximum is located at an atmospheric
depth of ~ 10km. The development of the shower depends on atmospheric depth, but
also on barometric pressure and temperature as they change the atmospheric density.
The zenith angle also has a big influence as a higher zenith angle is equivalent to a
higher amount of transversed medium.

Using an approximation from Hillas (1982), the number N of electrons and positrons
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Figure 2.5: Illustration of the Heitler Model for a electromagnetic shower initiated by a
VHE ~-ray. Figure adapted from Matthews (2005).

in the shower can be described by:

N(z) = —31 L 1.51115)], (30)

with the shower age s =3 (1 +21In(E,/E.)/(z/Xo))"! describing the developmental
stage of the shower (s < 1 for young showers; s > 1 for old showers which have already
reached their maximum). The number of particles at the shower maximum is roughly
N (Zmax) ~ 103E,/ TeV (Bambi and Santangelo, 2024). This, however, only includes
the number of charged particles, photons are excluded.

The cascade develops along a narrow axis in the longitudinal direction and is
broadened by Multiple Coulomb scattering and deflection of the charged particles in
the earth’s magnetic field. This radius of the shower containing 90% of the particles is
characterized by the Moliere radius Ry; = 0.24X(/p. At sea level, the Moliere radius
can be estimated to Rjs ~ 80 m, increasing with increasing altitude due to decreasing
density of the atmosphere (Bambi and Santangelo, 2024).

To achieve a good reconstruction of the y-ray properties, detecting as many of the
secondary particles as possible is vital. Due to this, a good understanding of the radial
extent of the particle shower on the ground is important information to factor into the
design of a ground-based ~y-ray detector.

Hadronic Air Showers

Air showers initiated by relativistic cosmic rays are referred to as hadronic air showers
or extensive air showers. Just like the showers initiated by ~-rays, the interaction
of a cosmic ray with the atmosphere results in a particle cascade, which propagates
longitudinally along the initial direction of the incident cosmic ray.

Contrary to electromagnetic air showers, which involve only leptons and photons,
hadronic air showers involve strong interactions that produce mostly mesons (pions
and kaons) and some light baryons. Because the mean free path of a particle is mass
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Figure 2.6: Simulated air shower development initiated by a 0.1 TeV photon on the left
and a 0.1 TeV proton on the right. The height of first interaction was assumed as 30 km
above sea level. The leptons and photons are shown in red, while muons and hadrons
are shown in green. Figure taken from Bambi and Santangelo (2024).
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dependent, the height of the first interaction of the cosmic ray and, therefore, also the
shower maximum is directly proportional to the primary mass A. An additional feature
of the hadronic cascades is that xyax does not only depend on the primary energy but
also on the depth at which the particle undergoes highly inelastic collisions and loses a
majority of its energy. When compared to electromagnetic showers, hadronic showers
are subject to larger fluctuations in their development.

In contrast to the rather narrow scattering angles from multiple Coulomb scattering in
electromagnetic showers, the strong interactions impart a large transverse momentum
on their secondary particles, and scattering processes take place in the cascade. This
leads to a large lateral spread of the shower, which is the primary characteristic by
which the different kinds of showers are distinguished. The differences in the lateral
spread and development of the shower cascade for both electromagnetic showers and
hadronic showers at the same incident energy can be seen in Figure 2.6.

Even with these differences, it is not trivial to distinguish between electromagnetic
and hadronic air showers. A major factor that complicates the identification is that the
resulting cascade is not only hadronic. Roughly one-third of the produced pions are
neutral pions, which further decay into two photons, resulting in an electromagnetic
subshower. The charged pions, as well as kaons, which are present in the shower, decay
into neutrinos and muons. As the shower development progresses and more pions and
hadrons, as well as some of the resulting muons, decay, the electromagnetic component
can start to dominate the shower development, complicating the identification of the
primary particle. This effect dominates if a photon has been produced at a large
atmospheric depth and close to the primary shower axis. In this case, Grieder (2010)
estimates that an average hadronic air shower contains over 90% of electromagnetic
particles at sea level.

2.2.2 Cherenkov Radiation

When a charged particle moves in a medium it causes the distribution of charge of the
atoms and molecules to change. This results in a temporary polarization of the medium,
which relaxes by emitting electromagnetic waves once the particle has passed. If the
particle moves with a speed lower than the speed of light in the medium (vparticte < co/n
with n the refractive index of the medium), the medium responds gradually, and the
waves of the resulting dipole field are typically randomly phased and can interfere
destructively. If the particle moves with a speed of v > ¢g/n, the waves of the resulting
field are all in phase under a certain angle O¢g, to the particle track and add up
coherently to a plain wave following Huygens construction (Grieder, 2010). This relation
is visualized in Figure 2.7, the coherent radiation is referred to as Cherenkov radiation.
The emission angle of the Cherenkov photons O¢y, is given by:

cos (Ocp) = , (31)

vn(z)

with the refractive index n(z), which, for the atmosphere, can be approximated as:

n(z) = 1.0+ 0.000283Q<§(i)0) , (32)
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Figure 2.7: Schematic of the polarization of a medium from a charged particle travelling
with non-relativistic (top) and relativistic (bottom) velocities. The emission of the
Cherenkov photons and the geometric expansion of the wave front resulting from the
presence of the relativistic particle are shown on the right. Figure taken from Shaffer
et al. (2017).
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with o(z) the atmospheric density at a height z.

In an air shower, each relativistic charged particle that moves faster than the speed of
light in air produces Cherenkov radiation. The radiation can be observed in a cone
around the trajectory of the relativistic particle under the angle ©cy. The Cherenkov
angle depends on the altitude of emission, increasing towards sea level as the air density
increases. The Cherenkov flash produced by a shower typically lasts around 5ns, and
the amount of emitted light can be used as a measure of the primary particle’s energy.
The minimum energy for the production of Cherenkov radiation is given as:

Emin = \/ﬁ (33)
with mg the particle mass. At sea level, this results in a threshold energy of i, = 21 MeV
for an electron.

The energy loss of the highly relativistic charged particle due to Cherenkov radiation
can be approximated as:

Bt ). e

with Ze the charge of the particle, w the angular frequency of the Cherenkov radiation
and n = 1+ A/wy with wy the frequency of the first resonance in the spectrum. Typical
values for wg are wy = 6 - 10 s™!, resulting in a typical energy loss of a few keV per
centimetre (Grieder, 2010). This energy loss is almost negligible compared to the loss
by ionization and excitation.
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Equation (34) can be transformed to yield the number of emitted Cherenkov photons

as: )
d°N 2T 1

=" 722 (1- —-—— 35

dA\dz A ( ﬁQn()\)2> ’ (35)

with o the fine structure constant and Z the charge of the particle (Cerenkov, 1937).
This shows that the number of Cherenkov photons Ny, is proportional to the energy of
the primary particle, and the majority of the emission is expected for lower frequency
particles.

The atmosphere is, however, not transparent for ultraviolet wavelengths due to the
increase of the interaction cross-section of Rayleigh scattering with increasing particle
energy. This results in the Cherenkov flash being detected within 300 nm < A < 450 nm,
peaking at the low wavelengths, which accounts for the blue shade of the Cherenkov
emission (Grieder, 2010). Due to this relation, the Cherenkov photons themselves suffer
little absorption in the atmosphere and can still be observed at sea level even when most
of the shower particles have already died out. As seen in Equation (35), the number of
Cherenkov photons also depends on the density of the atmosphere. This changes not
only with the height above sea level, but also with e.g. temperature, humidity, and air
pressure.

Following Equation (32), the refractive index of the atmosphere at sea level can
be estimated as n = 1.00029, for standard atmospheric conditions. This leads to a
Cherenkov light cone with a relatively small opening angle of around ~ 1.3° at sea
level. A schematic of the development of the Cherenkov cone around the shower axis is
shown in Figure 2.8. The arrival distribution of the Cherenkov photons is relatively
compact and the Cherenkov light pool, which is the area on the ground illuminated
by Cherenkov photons, shows a disk-like shape with a over-density of light around the
outer ring and a distribution area with a radius of around 100 m for a primary particle
with an energy in the TeV range (Konopelko et al., 1997). The outer edge of this light
pool is created around the shower axis from the envelope of all Cherenkov photons and
the middle of the ring structure is filled by the emission of Cherenkov photons under
different angles from the individual charged particles.

2.2.3 Imaging Atmospheric Cherenkov Telescopes

The Cherenkov light produced in air by the charged particles in a shower can be de-
tected by ground-based telescopes, so-called Imaging- Atmospheric-Cherenkov Telescopes
(IACTSs). These telescopes employ big mirror dishes in order to collect as much of the
light of the Cherenkov light pool as possible and focus the collected light on a camera.

The cameras need to be equipped with fast electronics to be able to resolve the
signal, which only lasts a few tens of nanoseconds. They typically consist of individually
detecting pixels, usually photomultiplier tubes (PMTs). The signal from the individual
camera pixels is typically read out once a specified threshold criterion - the trigger
threshold - is achieved. For measurements with individual telescopes, the trigger consists
of a certain number of pixels measuring a light yield above a certain threshold.

As stated in the previous section, Cherenkov light is mainly emitted in the optical.
This provides a challenge to the TACTs since it limits their observation time. Contrary
to the space-based telescopes, IACTs are limited to a small duty cycle of night-time
measurements with breaks during full moon. Also, contrary to space-based instruments,
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Figure 2.8: Schematic showing the basic geometry of the Cherenkov light created from
the particles in an EAS. Figure taken from Grieder (2010).

TACTs are not able to observe the whole sky. Depending on their location on Earth,
each TACT array has a blind spot.

A further limiting factor for the observation of v-ray sources with IACTs is the
limited FoV, with current arrays possessing a FoV of < 6°. This results in the need for
pointed observations, where the telescope is pointed to observe only a small portion
of the sky. This is usually done by introducing a time-binning which divides the total
observation time per night into shorter observation ‘runs’.

The pointing of these observations is usually done in ‘wobble’ mode, which means
the camera is not directly pointed at the target of interest but pointed slightly offset
from the target source in alternating directions. In a successive observation run of the
same target, the wobble offset is chosen in a different direction along Right Ascension or
Declination. This creates a grid of four pointing positions around the source. This offset
helps to mitigate potential gradients in the camera and makes background estimation
possible (for more information see Chapter 3.1). Depending on the energy range that
is studied, it is also not advisable to observe at zenith angles higher than 60°, as the
increased path length through the atmosphere significantly attenuates the Cherenkov
light yield and increases the background signal towards low energies.

Cherenkov telescopes image in angular space. This means that photons emitted
under the same angle, regardless of their point of origin, are focused onto the same spot
on the camera by the telescope’s optical system. For a narrow air shower initiated by a
~-ray this results in a characteristically elliptical camera image, due to the low transverse
momentum of the secondary particles, as well as the inclination of the shower axis to
the telescope. The length of the elliptical parametrisation can be used to estimate the
point of first interaction, as it corresponds to the height difference between the bottom
and the top of the shower.
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Figure 2.9: Geometrical differences between the images of a y-ray-induced shower (left)
and hadron-induced shower (right) as imaged by an TACT. Figure taken from Voélk and
Bernléhr (2009).

Contrary to the narrow, elliptical images for the ~-ray initiated showers, the more
numerous hadronic showers result in a more irregular image due to the large trans-
verse momentum given to the secondary particles, which directly affects the angular
distribution of the Cherenkov light and the presence of subshowers. The differences in
spatial distribution between hadronic and electromagnetic air showers in the camera of
an IACT are shown in Figure 2.9.

Due to the large extension of the Cherenkov cone of the shower it is not feasible
to build a telescope with a collection area that is able to collect all light from the
shower. As a compromise, multiple TACTs can be combined to form a telescope array.
These arrays consist of a number of telescopes spread over a large area. For IACT
arrays, the trigger criterion is typically set to a certain number of telescopes reaching a
trigger threshold within a certain time window. The number of telescopes triggering
on the same air shower is referred to as multiplicity. Requiring multiplicity > 1 helps
to capture more of the air shower to reconstruct the location of the shower core and
distinguish between hadronic and leptonic air showers and avoid triggering on night
sky background (NSB) light. In the case of IACTS, this background light consists of
light pollution, moonlight or starlight, or air glow from excited nitrogen atoms in the
atmosphere.

Due to the above-mentioned restrictions like the necessity of pointed observations
and reduction of light pollution, much consideration needs to be done when choosing a
location for an TACT.

A further limiting parameter is that the height of the shower maximum depends
on the energy of the primary ~-ray or cosmic ray (Equation (29)). For old showers
where ionization losses have taken over, the shower fades out slowly with increasing
atmospheric depth, and only the muons and neutrinos reach sea level. In order to
observe a large portion of the shower and lower the energy threshold for both IACTs
and Water Cherenkov Detectors (see Section 2.2.4), it is therefore vital to not only
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Figure 2.10: Point-source sensitivity curves for current IACTSs, compared to Fermi-LAT
and current Water Cherenkov Telescopes. Figure taken from Hinton and Ruiz-Velasco
(2020).

minimize light pollution but also place the detector at a sensible altitude. While WCDs
should be located close to the shower maximum, the optimal height for TACTs is at
a lower altitude of ~ 2000 m to maximize Cherenkov light collection efficiency while
maintaining a sufficiently large detection area and managing background contamination
(Szanecki et al., 2014). The magnetic field strength of the earth also has to be taken
into consideration when choosing a potential site, as it deflects charged particles in the
air shower, broadening the shower unnecessarily.

The first TACT array to start operating was the Whipple Observatory, which was
built in Arizona. It observed the -ray sky in an energy range from 300 GeV to 10 TeV
and made its first discovery, the Crab Nebula, in 1989 (Weekes et al., 1989). Since
the beginning of ground-based «-ray observations with the Whipple observatory, many
other TACTSs have started to operate, with the current field being dominated by the
Very Energetic Radiation Imagaing Telescope Array System (VERITAS) in Arizona
(Bradbury, 1999), the Major Atmospheric Gamma Imaging Cherenkov Telesopces
(MAGIC) in La Palma (Lombardi, 2011) and the High Energy Stereoscopic System
(H.E.S.S.) in Namibia (Aharonian et al., 2006a). In the future, the Cherenkov Telescope
Array Observatory (CTAO) will be built in Chile and La Palma. This addition
is expected to result in great improvements in our knowledge of the ~-ray sky by
significantly enhancing the sensitivity compared to the current generation of IACTSs
(Morcuende et al., 2023). The sensitivity for the current generation of ground-based
detectors, taking systematic errors into account, compared to the sensitivity of Fermi-
LAT and CTAO is shown in Figure 2.10.

2.2.4 Particle Detector Arrays

In contrast to Cherenkov Telescopes, particle detector arrays directly detect secondary
particles in order to sample the shower distribution. To observe a large number of
secondary particles, these detectors usually cover areas ranging from 10*m? to 10% m?
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and are built at ~ 4000 m to be located close to the shower maximum. They typically
consist of a large number of different detection stations. These, in turn, consist of
scintillation plates coupled with PMTs, Resistive Plate Chambers (RPCs), or water
tanks that observe Cherenkov light from the passage of secondary particles through the
water. The detectors use particle densities and their arrival times to reconstruct the
shower development and primary particles. The total energy deposited in either the
water tanks or the scintillators is compared to Monte Carlo Simulations to obtain the
energy of the primary particle.

The angular resolution of these detectors is limited by their time resolution, which
needs to be able to resolve the arrival time of the shower front, but especially by large
fluctuations in the height of the first interaction, which can fluctuate up to one radiation
length for electromagnetic particles (Xo = 37g/ cm2). The angular resolution improves
for higher energies since more secondary particles are produced in the shower, which
reduces statistical uncertainties in the timing and position measurements.

The energy threshold of the detector depends on both the detection area and the
spacing between the detection stations. A lower threshold can be achieved by a dense
array, which eliminates sampling fluctuations but also drastically increases the cost.
Decreasing the detector area, however, leads to losing information about the shower from
the outer parts of the cascade. Due to this trade-off, arrays are often built with a dense
inner array and a sparse outer array. The detection area also limits the maximum energy
up to which particles can be detected since measuring showers extended outside of the
detector increases the uncertainty of the energy estimation. In the case of very high
particle energies (> 10 PeV), the particle density near the shower core can additionally
saturate the detectors, further complicating the detection capabilities.

Since these detectors detect the air shower particles directly and do not rely on
the Cherenkov light produced in air, they have a 24-hour duty cycle and a wide FoV,
surveying the whole visible sky. The downside of these detectors is that their angular
resolution is on the scale of degrees compared to sub-degree resolutions achieved by
IACTs. A thorough review of particle detector arrays is given in Bambi and Santangelo
(2024), while a brief overview of two currently operating particle detector arrays, HAWC
and LHAASO, is given below. Public data from both arrays will be used in the analysis
presented in Chapter 5.

The High-Altitude Water Cherenkov Observatory (HAWC) (Abeysekara et al., 2023)
is a WCD consisting of 300 Water Cherenkov tanks of 5m height and 7.32m diameter.
Each tank has 4 upward-facing PMTs mounted at the bottom and contains more than
10 radiation lengths of water. This depth guarantees that incident leptons are fully
absorbed and the detector acts as a calorimeter. HAWC can detect y-rays and cosmic
rays between ~ 100 GeV and a few 100 TeV. The energy range is limited at the lower end
by ionization losses in the shower and for the highest energies by the limited detection
area. HAWC has an angular resolution of ~ 0.5° at 1 TeV and monitors around 15% of
the sky at any given time.

The new generation of particle detector arrays has been inaugurated with the Large
High Altitude Air Shower Observatory (LHAASO) in China (Cao et al., 2019). The
array consists of a 1.3 km? particle detector array (KM2A), a 78000 m? Water Cherenkov
Detector array (WCDA), and 18 air Cherenkov telescopes (WFCTA). KM2A is an
array of scintillator detectors designed to detect «-rays with energies between 30 TeV
up to 1 PeV, as well as 0.01 — 100 PeV cosmic rays. The angular resolution is ~ 0.5°
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Figure 2.11: Schematic of the Layout of LHAASO, indicating the different detectors.
Figure taken from Cao et al. (2019).

at 100 TeV. Also part of KM2A is an array of muon detectors, which are underground
water Cherenkov detectors. These detectors are effectively shielded from all particles in
the shower except penetrating muons. The muon tanks are used as an effective tool for
background rejection.

The WCDA consists of three water pools filled with purified water. Those pools
are equipped with ~ 3000 PMTs placed at their bottom. They can detect y-rays
from 100 GeV up to 100 TeV. The angular resolution of the WCDA is limited by the
timing resolution as well as the spacing between the PMTs at the bottom of the pools,
effectively resulting in a resolution of ~ 0.3° at 1 TeV.

The WFCTA is an array of Cherenkov Telescopes (CTs) with a FoV of 16°, which
measure Cherenkov light from cosmic-ray induced air showers between 10 TeV and
~ 1PeV. Due to their focus on highly energetic cosmic-ray events, the detectors
have a 24 hr duty cycle with the goal to study the cosmic ray energy spectrum and
composition.Their large FoV is realised by employing lenses instead of mirrors and
makes these telescopes ideal for identifying the geometry and composition of the air
shower from the secondary particles produced at lower altitudes and reconstructing the
primary particle. The WFCTA is used for composition studies but also contributes
significantly to the background rejection for measurements of the WCDA and KM2A.
A schematic of the layout of LHAASO can be seen in Figure 2.11.
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Figure 2.12: The H.E.S.S. array in Namibia is arranged along a square with a side
length of 120 m and four telescopes, each featuring segmented mirrors arranged in a
Davies-Cotton design. The fifth telescope is placed in the center of the array and features
segmented mirrors arranged in a parabolic design. Image Credit: Maria Clementina
Medina

2.3 High-Energy Stereoscopic System

The High Energy Stereoscopic System (H.E.S.S.) is an IACT array located at a height
of 1835 m above sea level in the Khomas Highlands in Namibia. Initially, the array
consisted of 4 identical IACTs (CT 1-CT 4), which are arranged in a square with a side
length of 120 m. This side length was chosen with respect to the expected Cherenkov
light pool diameter of ~ 250 m in air, in order to facilitate the detection of the shower
by multiple telescopes and maximize the effective detection area.

Each of the four telescopes features a large reflector dish with an effective mirror
surface area of 107 m? and a total reflector diameter of 13 m. Each reflector dish consists
of 382 small and identical hexagonal mirrors arranged to approximate a parabolic
shape (Fegan, 2024). The shorter focal length of each segment helps reduce spherical
aberrations, leading to a sharper image on the camera, and is more cost-effective and
easier to install. Each of these mirrors is pointed towards a common focal point, where
a fast-imaging camera is located. A schematic of the design is shown in Figure 2.13.
With this geometry, the four telescopes are able to observe a FoV of 5°. Further details
of the optical structure are given in Bernlohr et al. (2003).

The fast-imaging cameras consist of 960 individual pixels, each of them featuring
a FoV of 0.16°. Each pixel consists of a Winston cone, which is a hexagonal light
guide focusing the light on a round PMT. While the camera reads out the signal, no
further photons can be measured. This results in a short time window in which no
new data can be acquired. This time window is often referred to as deadtime, and the
total observation time needs to be corrected for it. The deadtime for these cameras is
estimated to be around ~ 450 us (Giavitto et al., 2017).

The readout is triggered based on the signal seen in different sectors, which are
groups of 64 neighbouring pixels. The H.E.S.S. telescopes can be operated under two
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Figure 2.13: Schematic of the H.E.S.S. telescopes showing the Davies-Cotton design of
the reflector dish. Figure taken from Bernlohr et al. (2003)

different telescope triggers. The monoscopic (mono) trigger acts when a number of
pixels within a sector all observe a signal above a threshold within a nanosecond window.
The stereoscopic trigger acts when two telescopes send a monoscopic trigger within a
coincidence window. The telescopes are usually operated using the stereoscopic trigger.
Detailed information on the trigger system is given in (Funk et al., 2004).

The design introduced above is referred to as Phase-I (Aharonian et al., 2006b).
Since the commissioning of H.E.S.S. in 2003, Phase-II commenced with the addition of
a fifth telescope (CT 5) in the centre of the array in 2012 (Bolmont et al., 2014). The
layout of this array can be seen in Figure 2.12. CT 5 has a light collection area of 614 m?,
with a reflector diameter of 28 m, a FoV of 3.2° and a camera equipped with 2048 pixels.
Instead of using the Davies-Cotton design, a parabolic mirror was introduced, which
reduces the slight time delay that is introduced due to the varying optical path lengths
from the different Davies-Cotton segments. This updated mirror design, as well as the
larger light collection area, allows CT 5 to reduce the energy threshold of the system
from ~ 100 GeV to ~ 30 GeV.

The camera of CT5 follows the same design as the camera of the four smaller
telescopes, just with an increased number of PMTs to 2048. Applying a stereo trigger
between one of the smaller telescopes and CT 5 has increased the overall array trigger
rate, since its increased sensitivity to lower energetic photons allows the telescope
to observe air showers which would otherwise have only triggered one of the small
telescopes and been rejected as mono triggers.

This increased trigger rate resulted in the need for a further hardware upgrade
in 2016 (Giavitto et al., 2017). Allowing for a deadtime of 450 us was acceptable for
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CT 1-CT 4, since the telescopes observed higher energetic air shower. After adding CT 5,
however, this large deadtime results in the loss of a substantial fraction of the signal.
To reduce the deadtime, upgrades to the cameras were done by installing the NECTAR
analogue memory chip (Naumann et al., 2012), which was able to decrease the deadtime
to ~ 7 ps. This third hardware phase of the H.E.S.S. array is referred to as Phase-1U.

An additional hardware update for the camera in CT5 followed in 2019, where
an advanced prototype of FlashCam, developed for CTA, was installed in CT 5. The
camera features 1758 PMTs, still connected to Winston cones, but triggers without any
deadtime(Bi et al., 2022).

2.3.1 Calibration

The calibration of the PMTs and the electronic’s response is essential for a successful
air shower reconstruction. The calibration is extensively described in (Aharonian et al.,
2004), and a summary is given below.

Camera Calibration

In order to gauge the random noise created due to spontaneous or thermal emission of
electrons in the PMTs or electronic noise in the amplifier, pedestal measurements are
conducted every few thousand runs. The pedestal, which is the mean Analog-to-Digital
Converter (ADC) value of the camera without any light, is measured and recorded while
the shutters of the camera are closed, and the result per pixel is later subtracted from
the PMT signal.

Another parameter that needs to be taken into account is the variability of the light
transmission of the Winston cones and the detection efficiency of the PMTs. This varies
for every pixel and needs to be taken into account when reconstructing the energy of
the Cherenkov photons. For this purpose, a flat field coefficient F; is introduced. A
LED flash, which is positioned in the centre of the mirror dish, is used to illuminate the
camera, and the deviation from the mean value across all pixels is estimated for every
pixel and stored. These flat fielding runs are also repeated every few thousand runs.

The gain, or the amplification factor, of the telescopes is measured by shining an
LED flasher onto each pixel. This LED flash is calibrated to generate exactly one
photoelectron (p.e.) in this pixel, and the result per pixel is recorded. The gain is
then acquired by fitting a Poissonian signal convoluted with the instrument response to
the pixel-wise distribution of ADC counts. H.E.S.S. has a high gain channel for faint
Cherenkov signals and a low gain channel, which is used for air showers produced by
high-energetic y-rays, which would saturate the camera if the high gain channel were
used. Both channels are calibrated using the single photoelectron measurements.

Optical Efficiency

Besides accurately interpreting the signal from the camera electronics, it is also important
to take losses from other factors, such as reduced reflectivity of the mirrors from dust
collection and transmissivity of the Winston cones, into account. These factors are
considered by monitoring the optical efficiency of the telescopes.

This can be achieved by using the distinct signal observed from muons in hadronic
air showers. With a lifetime of 2.2 s (Bambi and Santangelo, 2024), the main energy loss
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Figure 2.14: Evolution of the muon efficiency of CT 3 for the data acquisition in Phase I.
Only the muon efficiency for observations for which more than 52 muons were observed
is depicted. This threshold is set to filter observations with technical problems and
corresponds to the 2 o deviation from the mean number of muons per run in Phase I.
The boundaries of the optical phases are shown in gray.

channel of muons produced by the decay of mainly charged pions is ionization rather
than decay. Therefore, a significant fraction of muons reaches the ground and due to
their large mass, they do not significantly suffer from multiple Coulomb scattering.
This results in a direct propagation to Earth in a straight line. Because the Cherenkov
telescopes image in angular space, the absence of scattering causes all Cherenkov
photons emitted at a fixed angle ©¢y, around the muon’s path to reach the reflector
under approximately the same incident angle and the light is focused on the same
point in the focal plane of the camera. Since the complete azimuth component of the
Cherenkov light pool is imaged, the signal in the camera has a characteristic ring-shape,
with the ring radius corresponding to O¢y. Vacanti et al. (1994) showed that this ring
radius is directly related to the number of observed photons. This relation can then be
used to compute the muon efficiency of the telescopes 1 = Nobs/Nexp, With Nops the
number of observed photons and Ny, the number of expected photons.

The development of the muon efficiency of the H.E.S.S. telescopes over Phase I
is shown in Figure 2.14. The muon efficiency decreases over time mainly due to the
degradation of the reflectivity of the mirrors as well as Winston cones. This is a result
of dust accumulating on the surface and UV degradation of the mirrors. Upward jumps
in the muon efficiency are correlated with changes in the hardware of the experiment or
cleaning of the mirrors or Winston cones. A period of relatively stable muon efficiency is
referred to as optical phase, and a constant optical efficiency is assumed. The boundaries
of these optical phases are shown as grey dashed lines in Figure 2.14.

2.3.2 Event Reconstruction

After the calibration of the instrument, an accurate understanding of the energy
deposited in the camera is gained. From this, the properties of the primary particle,
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which induced the extensive air shower, can be reconstructed. This section will give an
overview of the steps necessary to process the data which will later be analysed.

Image Cleaning

Before the parameters of the primary ~-ray are reconstructed from the camera signal,
the images are cleaned. In this step, signal which is induced by NSB, the passage of
bright stars or camera noise, is removed. This is necessary to ensure that these random
signals are not included in the parametrization of the emission and the reconstruction of
the primary particle energy. The cleaning is done by retaining only signal in pixels that
are above a certain threshold and have at least one neighbouring pixel that is above a
certain threshold. The pixel threshold is chosen such that no NSB pixel passes the cut.
For H.E.S.S. in its current operation, it is standard to only retain signal in pixels which
themselves show signal above 5 pe and have one neighbouring pixel which has above
10 pe, or vice versa (Aharonian et al., 2006b).

Hillas Reconstruction

The standard approach used for the reconstruction of the ~-ray properties in H.E.S.S. is
the Hillas parametrization, which extracts key features of the Cherenkov signal through
geometrical parametrization (Hillas, 1982). In order to gain a good understanding
of the dependence of the geometry of this elliptical approximation on the properties
of the y-ray, Monte Carlo simulations are used to generate lookup tables that relate
the width and length extracted from the signal to the v-ray properties. The CORSIKA
package introduced in Heck et al. (1998) is used to simulate the propagation of electro-
magnetic and hadronic air showers in the atmosphere and the sim_telarray software
package (Bernlohr, 2008a) is used to simulate the detector response for different detector
conditions, incident particle energies, as well as zenith and azimuth angles.

Direction Reconstruction

The elliptical shape of the image is created because the majority of particles travel along
the shower axis without gaining a large transverse momentum (see Section 2.2.1). The
major axis of the ellipse in the camera can, therefore, be used to reconstruct the shower
axis, which is the extension of the initial direction of the primary particle. The precision
of this reconstruction can be increased significantly by combining the information about
the shower axis from more than one telescope. A schematic of this is shown in Figure
2.15.

Another important parameter, the impact parameter, can be gained from the major
axis of the elliptical parametrization as the distance between the intersection of the
shower axis with the ground (impact point) and the telescope. For vertical showers,
this distance is almost zero, while increasing with increasing zenith angle. When this
information is combined with timing information (an increase in zenith angle corresponds
to a delay in triggering between different telescopes) as well as the orientation of the
major axis, the zenith angle of the primary particle can be reconstructed.
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Figure 2.15: Left: Schematic of the principle of air shower detection using Cherenkov
telescopes (not to scale). Right: Example of a cleaned shower image, and the direction
reconstruction using the principle of stereoscopy. Figure taken from Naumann et al.
(2012)

Energy reconstruction

The energy reconstruction is based on the image amplitude, which quantifies the total
charge observed in all pixels that survive the cleaning and impact distance to the camera
centre. The result is then scaled with the optical efficiency of the telescope and together
with the impact parameter and geometry of the parametrized signal, compared to the
lookup tables computed from Monte Carlo simulations. The result is averaged over all
participating telescopes.

2.3.3 Background Rejection

The Hillas parameters are not just used to reconstruct the primary particle properties,
but also for background rejection. As mentioned in Section 2.2.1, hadronic air showers
result in less well-behaved camera images due to the large spread of the secondary
particles. To reject events with such a broad distribution on the camera, the properties
of the signal from the observations are again compared to the results in the lookup
tables. This is done for all participating telescopes i and a mean reduced scaled width
(MRSW) and length (MRSL) are computed for every event:

N
1 Di — Dexp,i
= — —’
MRSW = — § =Pl (36)

with IV the number of telescopes, p; either the length or width of the ellipse, pexp,i the
expected value from the simulations and o; the spread derived from the lookup tables.
Applying a cut on MRSL, MRSW and image amplitude helps to distinguish between the
two different types of air showers. An additional parameter that is used for background
rejection is a ©%-cut. O is the distance between the reconstructed direction and the
true direction, which is defined as the position of a known or suspected y-ray source.
By limiting an acceptable ©? to be slightly larger than the expected source, a large
portion of background, which is flatly distributed over the camera, can be reduced.
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Especially in the low energy regime, it is not always easy to distinguish hadronic from
electromagnetic air showers. By applying tighter selection criteria on these parameters,
a higher background rejection can be achieved. However, this also results in a higher
rejection rate of true y-ray events. It is, therefore, advisable to use different thresholds
for studies that focus on observing largely extended sources than for studies which
observed, e.g. transients, where it is important to retain as many ~-rays as possible.
The different thresholds between which an event is accepted as y-ray can be seen in
Table 2 in Aharonian et al. (2006b). For extended sources, the ©2 is dropped entirely.

Since these thresholds have been defined and H.E.S.S. started data acquisition,
several improvements have been made. The ~-hadron separation is now done using
a boosted decision tree (BDT) machine learning algorithm. The BDT is trained on
MRSL and MRSW, as well as the shower maximum and an average spread in energy
reconstruction. This training is done in different energy and zenith angle bands and
the classifier is used for background rejection. Ohm et al. (2009) has shown that this
implementation has increased the sensitivity by 20%. Another major improvement,
especially for direction reconstruction, was the implementation of the Image Pixel-
wise fit for Atmospheric Cherenkov Telescopes (ImPACT). Instead of just comparing
image parameters with simulations, InPACT is a fit of image templates, generated in
simulations, to the actual shower image. Parsons and Hinton (2014) showed that this fit
improves the angular resolution over all energies and the energy reconstruction by 50%
in the low energy range. The use of this algorithm even decreases the time necessary to
detect a source by ~ 50% for a variety of sources.

2.3.4 Instrument Response

The response of a telescope to an incoming signal is described by the Instrument
Response Functions (IRFs). These functions are folded with the reconstructed signal
to estimate the true properties of the signal. For observations to be described by the
same IRF's, a stable optical efficiency needs to be assumed. For H.E.S.S., this is done
by recomputing IRFs for every optical phase.

IRFs consist of a point spread function (PSF), effective area (Aeg) as well as an
energy dispersion AFE. The instrument response can be calculated as:

R(pa E|ptruea Etrue) — Aeff(ptrue7 Etrue) X PSF(p|ptruea Etrue) X AE1(E1|ptruea Etrue) (37)

with p the measured direction of the event and p¢;ue the true direction.

The PSF describes the distribution of ©2 with energy. It is computed from simulations
for observations of point-like sources. For H.E.S.S., it is assumed to be around 0.1° at a
zenith angle of 10° (Aharonian et al., 2006b).

The effective area corresponds to the area in which the array is sensitive to signals
from the air shower, accounting for detection efficiency and instrumental response. This
area is energy dependent, approaching a constant value for the highest energies as the
showers become brighter. It is defined as:

Aeff(@7 E7 (I)) = Ageom : 77(@7 E7 @) 9 (38)

with Ageom the area of the detector, which in case of IACT arrays corresponds to the
sum of the physical area of the mirrors of the telescopes, and the detection efficiency
n(©, E, ®). The effective area decreases for lower energies since the Cherenkov light
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pool is less extended. The same dependence is observed for increasing zenith angles due
to light attenuation. The effective area ties directly into the reconstruction of the y-ray
flux, since the event rate is given as:

R= / Ai(O, E,®) - ®(E)dE, (39)

with @ the vy-ray flux from a observed source.
The energy dispersion is given as the deviation between reconstructed energy Fieco
and the true energy Fi,..e from simulations:

(40)

An example energy dispersion matrix can be seen in Figure 2.16. The mean of the
distribution for each true energy is referred to as the energy bias and shown as black line
in Figure 2.16. The curve shows that the discrepancy between true and reconstructed
energy is very large towards low and very high energies. For low-energy events, Fyeco is
strongly overestimated. This effect is caused by the low light yield of the Cherenkov pool
at these energies. Not only does the chance to include more hadronic events increase,
the chance of stereoscopy measurements also decreases because of the smaller extension
of the light pool. This, as well as intrinsic fluctuations in the shower development,
increases the uncertainty of the energy reconstruction. This increase in systematic effect
becomes a problem since the event reconstruction includes a cut on image amplitude,
which means that only fluctuations toward higher energies are kept. For high-energy
events, Freco is underestimated. This effect is caused by the limited detection area,
which, for these highly energetic events, is not able to catch the whole Cherenkov light
pool, as well as the saturation of the detector. Because of these edge artifacts, it is
common to include a cut on the energy bias, discarding low and high energy events
with more than 10% energy bias for the analysis.

2.3.5 Systematic Uncertainties

The steps outlined above to reconstruct the y-ray signal from the camera image show
that using TACTSs to observe 7-rays is no easy task. The response of the telescopes to
varying observation conditions is obtained from Monte Carlo simulations and applied
to the respective observation run. It is, however, not possible to sample a dense grid of
observation conditions and create IRFs for all possible combinations. The IRFs of an
observation run are obtained by interpolating between Monte Carlo-generated IRFs.
With this method, a satisfactory result can be obtained, but three main contributions to
the uncertainties remain: the development of the shower in the atmosphere, the response
of the optical system, and the camera response. These systematic uncertainties, if not
accounted for, introduce significant biases in the reconstructed spatial distribution of
the «v-rays and the source flux, which are critical parameters for studying astrophysical
sources.

Telescope Response

A large part of systematic uncertainties is the response of the optical system. The
mirrors of the reflector dish degrade over time due to aging or environmental factors like
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Figure 2.16: Example distribution of the energy dispersion for one observation run. The
energy bias is indicated by the black line.

UV exposure. Additionally, both the mirrors as well as the Winston cones accumulate
dust over time, worsening the mirror reflectivity and the throughput of the cones. This
results in a dip in optical efficiency. In the case of rain, or just regular cleaning, the
optical efficiency improves. This can, in part, be corrected by using the muon efficiency,
a small systematic uncertainty, however, remains.

The camera itself is also a source of systematic uncertainty, as each PMT has a
different optical response. This is in theory, accounted for by running flat fielding and
single-pe observations. These are, however, only performed sporadically and changes
arising in between those periods can lead to systematic changes in the camera response.

Event Reconstruction

The atmosphere is the largest of all systematic uncertainties. The energy of the primary
~-ray is reconstructed from the intensity of the detected shower. As mentioned in
Section 2.2.1, the energy deposited in the shower particles at a given height is directly
influenced by the density of the atmosphere. Using simulations with a wrong aerosol
content, which largely influences the atmospheric transparency to optical light, leads to
over- or underestimating the energy of the primary particle. Changes in the atmospheric
density correspond to variations in pressure, temperature, or humidity and need to be
considered in the choice of simulations. An additional factor that needs to be taken
into account is the light attenuation from clouds and dust.

Another important factor is the difference between the reconstructed and the true
source position. A discrepancy cannot only occur due to uncertainties in the reconstruc-
tion of the shower axis, but also due to offsets of the pointing position of the camera from
the nominal pointing. This mainly happens due to bending of the telescope structure
under the weight of the heavy camera. The effect is estimated by the acquisition of
dedicated observation runs to compare the measured position of known bright stars
with their catalogue position. For H.E.S.S. this uncertainty has been estimated to 20"
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(Acero et al., 2010).

Background Rejection

A major aspect of the systematic uncertainties is the v-hadron separation. The wrong
classification of many hadronic air showers as being induced by ~-rays can lead to
signal attenuation due to the increased background noise and induce a bias in the
reconstructed spatial distribution and source spectrum. The removal of too many
~-ray induced events leads to a systematic underestimation of the y-ray flux from the
source. A more thorough discussion of systematic uncertainties on the estimation of the
remaining ~-like background is given in Section 3.1.

2.3.6 3D Maximum-Likelihood Analysis using gammapy

In the beginning of data analysis with H.E.S.S. and other IACTSs, the source properties
have been extracted using proprietary analysis software. For H.E.S.S., this has been
the HESS Analysis Package (HAP) (Aharonian et al., 2006b). In recent years, however,
the development of software tools has gone more towards open source tools to increase
the availability and facilitate the joint analysis of data from different instruments. This
has been realized in the gammapy package (Donath et al., 2023; Deil et al., 2020). This
section will be a short description of the analysis workflow employed in gammapy, which
is used in the following Chapters. A more thorough description can be found in Donath
et al. (2023)

After a set of observation runs has been selected, the events and their corresponding
IRFs are filled into a common physical coordinate system, which is referred to as Map
geometry. This Map geometry can have up to 3 dimensions, two spatial and an energy
dimension. After this step, the residual -like background is estimated and subtracted
from the number of events (for more information see Chapter 3.1). The events, together
with the IRFs and the background, are then bundled together in a Dataset. Different
models can be assigned to this dataset. For a 3d analysis, these models are convolutions
of a spatial and a spectral model. After a model has been assigned to the dataset, its
parameters can be optimised through a maximum likelihood fit.

The maximum likelihood analysis is a way to quantify if a Hypothesis H can be
supported using the given data. In order to identify the set of parameters # of a model
M(0) which describes the observed ~-ray emission best, the likelihood function £(#) is
maximized (Fisher, 1922a). After the best parameter set for a given model has been
identified, different models can be compared by calculating the ratio of the likelihoods
of the models:

L(Mo(0))

L(My(61))”
with £(My(fy)) the null hypothesis and £(M(6;)) the alternative hypothesis. The
likelihood ratio test (Fisher, 1922b) can, however, only be used when the two tested

models are nested. The ratio can then be translated into a significance o, by computing
the test statistics (Wilks, 1938):

A= (41)

TS = —2log(N), (42)

and using the relation T'S ~ X% with &k the number of free parameters of the model.
From this, a p-value can be determined by integrating the x? distribution from the
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observed T'S value. The p-value gives an estimation of how likely it is that the observed
signal could be produced by background fluctuations. The significance is then computed
by identifying the number of standard deviations for which the area in the upper tail of
the Gaussian distribution is equal to the p-value. For ~-ray data, the null-hypothesis is
often chosen as a background-only hypothesis, and the significance of adding a source
model is computed. It can, however, also be used for nested models directly or by
comparing the T'S between a background only and different source models hypotheses.

This process can be done for individual observations in a joint likelihood analysis,
which gives the total likelihood as a sum of the log-likelihoods for each observation run
or in a stacked analysis, where the IRF's are averaged over the observation runs and
only one log-likelihood is computed over all observations. The latter case is often used
to reduce computation time for large datasets.
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3 Background estimation for highly extended sources

Recent results from the Water Cherenkov Detectors, HAWC (Abeysekara et al., 2017a)
and LHAASO (Cao et al., 2023a), have demonstrated that while IACTs excel at
differentiating and precisely measuring the extension of ~-ray sources due to their
superior angular resolution, they struggle with detecting large-scale extended emission.
This is mainly caused by the limited FoV of TACTSs, which, unlike survey instruments
that continuously monitor the overhead sky, need to be pointed at a specific target and
can only observe a region spanning a few degrees. As a result, distinguishing between
cosmic ray contamination, diffuse «-ray emission, and the actual signal is rather difficult
in regions around extended 7-ray structures. This can lead to the underestimation of
the emission and source extension (Abdalla et al., 2021).

As outlined in Section 2.3.3, the separation of cosmic ray and 7-ray events is no
easy task. For IACTSs, the application of Boosted Decision Trees (BDTs) has brought
significant improvements in this regard, especially at low energies (Ohm et al., 2009).
In this method, a series of image parameters obtained from ~-ray simulations and
observation runs with no strong 7-ray emission (OFF runs) are combined as input for a
classifier. The classifier assigns a probability to every event, indicating whether it is more
background-like or signal-like while taking correlations between different parameters
into account. The improved separation power is well observable when comparing the
overlap of the distributions of the individual parameters for cosmic rays and y-rays
(Figure 3.1 on the left), with the overlap of the output of the classifier (Figure 3.1 on the
right). While the application of the BDT algorithm has brought significant improvement
in the sensitivity of H.E.S.S. up to 20%, an overlap between the two distributions still
remains. The estimation of the remaining contamination from v-like cosmic rays is a
main source of systematic uncertainties and, if done wrong, can introduce major errors
in the spectral and spatial analysis of y-ray sources. This section first outlines classical
background estimation techniques for IACTs before it introduces a new method that can
be employed in regions containing large, extended 7-ray structures for which classical
background estimation cannot be used to obtain precise results.
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Figure 3.1: Distribution of image parameters from simulated y-ray and cosmic ray
events. Left: Distributions of the six image parameters that are used to train the
~v-hadron separation classifier. Right: Distribution of the output parameter of the
classifier. Image taken from Ohm et al. (2009).
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Figure 3.2: Counts map derived from 5 hours of observations on PKS 2155—304. The
wobble pointing positions are indicated in yellow, and the background estimation regions
are indicated in red. Left: Schematic illustration of the ring background method. Right:
Ilustration of the reflected regions background method. Figure taken from Berge et al.
(2007).

3.1 Classical Background Estimation for IACTs

In order to facilitate background estimation in IACT observation, the wobble-mode
technique was introduced. In this method, the telescope alternates between pointing
positions that are offset from the source by a small angle in different directions, allowing
for observations of the source and empty regions, which are used for the background
estimation, at the same time. The number of events from the ~-ray source is estimated
from Nexcess = NoN — aNopr with Non the number of counts in a test region, Nopp
the number of counts in a empty region in the observation and « a normalisation factor.
The normalization accounts for differences in the acceptance of the detector and different
zenith angles.

3.1.1 Ring Background Method

In the ring background method, Nogpr is estimated from an annular region centered
around a trial source position. The ring size is typically chosen such that Qon/Qorr =
1/7, with Q the solid angle of the respective region. Here, the normalization factor «
can be approximated by the solid angle ratio combined with an additional acceptance
correction to account for varying distances between the observation pointing and the
pixel positions in the ring. A schematic visualization of this method can be seen on the
left in Figure 3.2.

3.1.2 Reflected Regions Background

This method estimates the background from a number nopp of source-free regions.
These OFF regions have the same extension and shape as the ON region. In contrast to
the ring background method, where the ring is placed around the trial source position,
the reflected regions method uses regions symmetrically distributed around the pointing
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positions. An illustration can be seen on the right in Figure 3.2. The number of
background estimation regions depends on the extension of the source as well as the
number of additional sources in the FoV, with which they must not overlap. Generally,
it is recommended to use as many OFF regions as possible. Since the OFF regions are
chosen as symmetrically distributed around the pointing position, no variations in the
detector acceptance are expected. The normalization is therefore given as o = 1/nopy.

3.1.3 ON-OFF Method

This method uses separate, dedicated observations of a y-ray free region to estimate
the background. In order to achieve a comparable background rate in the empty field
and target observations, it is important that the observation conditions, including
atmospheric conditions and observation length, are comparable. This is typically
achieved by alternating between observation runs on the target source (ON runs) and
OFF runs. These OFF runs are usually acquired from a region offset in right ascension
from the source to ensure a comparable zenith angle.

This, however, means that double the amount of data needs to be taken for an
analysis. Also, alternation between ON and OFF runs does not ensure that the same
observation conditions are present. Due to rapid changes in the atmospheric conditions,
like temperature or humidity, as well as changes in the night sky background light or
the optical response of the telescope, large systematic errors can be introduced in the
analysis. Despite these challenges, this background estimation method is particularly
advantageous for analysing regions containing extended emission since it does not require
any assumptions about source morphology or detector acceptance to be made.

3.1.4 Background Model Template

The above outlined methods are well-suited for point-like or slightly extended sources
in regions with a low source density. For extended sources, however, using the ring
background method or the reflected regions background method can introduce signifi-
cant biases, since the spatial extent depends strongly on the initial guess of the source
extension. Both of these methods depend on knowledge of the spatial distribution of
the ~-ray source population in the observed region and are, therefore, not particularly
suitable for sky surveys. To address these limitations, Mohrmann et al. (2019a) intro-
duced a 3-dimensional background model template. This template is constructed from
archival H.E.S.S. observation runs of regions outside of the galactic plane (|| > 60°
and |b| > 5°) to avoid contamination from diffuse -ray emission. Its construction
is done in bins according to the optical phase of the telescope array, as well as the
zenith and azimuth angle, with a linear interpolation between the bins to ensure a
smooth transition. Regions containing known +-ray sources are removed from these
observations, and the background event distribution is estimated from the remaining
data. The model is then folded with the acceptance of the detector and assigned to
every observation.

Because the background model template is constructed from a large number of
observations taken under similar conditions, this method is highly stable and suffers
little from statistical fluctuations in the background estimate. This stability has also
been proven to be beneficial in detecting extended emission around sources, which have
previously been categorized as point-like or only minimally extended. One such example
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is the analysis of HESS J1813—173, where its application revealed a second, diffuse
component (for more information see Chapter 77).

This template model is, however, still not suitable for detecting large diffuse struc-
tures which fill the FoV of the IACTs. In order to account for differences in the
observation conditions, which cause discrepancies between the background rate Rpg*
of the observations and the predicted rate Rpg, described by a power-law model, the
template is normalized to each observation outside of y-ray source regions using;:

Rpg =% Rpa - (E/Ey)™°, (43)

where Ej is the reference energy, and the spectral tilt § and background normalisation
®. These are determined through a 3D likelihood fit of the background model template
to an emission-free region in the observation. This, however, means that the background
model template approach still requires at least some emission-free region in the FoV,
otherwise, the diffuse regions of v-ray emission can be absorbed into the background.

3.2 Run Matching Approach

The overview given above about the background estimation methods used for TACT
data analysis shows that only the three-dimensional background template model and the
ON-OFF method are suitable for the detection of large extended structures, with both
bringing in their own disadvantages. In this work, these disadvantages are alleviated by
combining the two approaches. For this purpose, pairs of ON and OFF runs are selected
according to quantitative criteria (described in section 3.2.2), and the normalisation of
the background model template for each pair is determined from the OFF run. This
normalisation is then applied to the ON run. Due to this approach, the background
rate is not estimated from just one OFF run, but many. This enables us to decrease
the dependence of the background rate on the particular OFF run selected and thus to
lower the uncertainty of the background estimate.

The following section outlines the development of this new method using the data
structure of the H.E.S.S. array. Since this method relies only on standard Python
packages along with the open-source package gammapy (Deil et al., 2020; Donath et al.,
2023), it is in accordance with the goal of the Very-high-energy Open Data Format
Initiative (VODF; Khelifi et al. 2023) to achieve a common, software-independent data
format and develop open-source analysis software (Nigro et al., 2021). This also means
that the method can easily be adapted to other telescope arrays and is not restricted to
the usage by H.E.S.S.. Hereafter, the template constructed in Mohrmann et al. (2019a)
is referred to as the ‘background model template’; the standard method which has
already been employed by the Whipple Observatory as the ‘classical ON/OFF method’
(Weekes et al., 1989); and the method developed in this work as the ‘run-matching
approach’. After the development has been outlined, the validation of this pipeline using
data on 4 sources from the first H.E.S.S. public data release (H.E.S.S. Collaboration,
2018a), as well as 3 sky regions from which no ~-ray emission is expected, will be
described. Some of the information in this section has already been published in Wach
et al. (2024).

For the classical ON/OFF method, a comparable system acceptance is the most impor-
tant factor. While the use of a background model template allows relaxed matching
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criteria between the ON and the OFF run with respect to the classical ON-OFF match-
ing, finding a comparable OFF run is nevertheless a critical aspect of the background
estimation. For this work, only observations with pointing position at a Galactic
latitude of || > 10° are considered as OFF runs. With these selection cuts, regions
including many known ~-ray sources, as well as diffuse ~-ray emission, can be avoided.
Furthermore, runs that pass tight quality cuts (see section 3.2.1) are considered, and it
is required that all four small telescopes participate in both the ON and OFF run. As
small changes of the atmosphere and degradation of the system can be absorbed by
the fit of the background model template (see section 3.3), the run pairs do not need
to be acquired in the same night but can be up to a few years apart. It is, however,
important to match runs using the same hardware configuration. Therefore, optical
phases are taken into account. These are periods of stable optical efficiency between
abrupt changes due to, for example, cleaning of the Winston cones or mirror recoating
(for more information see Section 2.3). Typically, these phases span at least one year
for the H.E.S.S. telescopes, therefore enabling the choice of many possible OFF runs for
one ON run. The optical phases used for this work can be found in Table A.2.

3.2.1 Data Quality

The data acquired from H.E.S.S. can be reconstructed for different array configurations.
The reconstruction can be done for hybrid mode (operation of all 5 telescopes combined),
stereo mode (only considering CT 1-CT 4) and mono mode (CT 5 only). For this study,
only data acquired in stereo mode is used. For all observations used, the data reduction
was performed using HAP, the H.E.S.S. analysis package described in Aharonian et al.
2006b, and reconstructed using the ImPACT algorithm (Parsons and Hinton, 2014).
The quality of H.E.S.S. observations can be divided into three categories. Data that
were acquired under good atmospheric conditions and show a good system response
are categorized as spectral quality runs. Data acquired under non-ideal atmospheric
conditions and system response cannot be used to reliably reconstruct the energy of
the events but can still be used to enhance statistics of a dataset for source detection.
These observations are categorized as detection quality runs. Observation runs failing
even these criteria, or observations which are shorter than 10 minutes are categorized
as failed runs.

The goodness of the system response for an observation run, and therefore its
category, is determined by monitoring different system parameters. To ensure a good
stereoscopic reconstruction of the events, a threshold on the participation fraction is
set. This parameter is a measure of which fraction of the operational telescopes of the
array recorded the event. The functionality of the tracking system of the cameras is
monitored using the deviation between the nominal pointing position and the actual
pointing of the telescopes as well as the root mean square of the telescope pointing
deviation in altitude and azimuth. Bright stars in the FoV of the telescope can cause
an excess current in the PMTs and damage them. To avoid this, the transit of bright
stars through the camera pixels is predicted, and the relevant pixels are turned off in
advance. Other transiting objects like meteors and airplanes might also induce very
bright light signals, this is handled by the installation of an over-current protection for
the PMTs, which switches the affected pixel off. If the over-current protection triggers
for more than 50 pixels or more than 120 pixels in total are switched off per camera,
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the observation run is flagged as a failed run.

The quality of the sky conditions is determined from the trigger rate. In case clouds
or excessive dust is present, large fluctuations in the trigger rate can be observed due to
the absorption of Cherenkov light. This is monitored by looking at the overall trigger
rate (True Rate mean), as well as the deviation between the trigger rate at the start
and end of the observation (True Rate Delta 1), and the steepness of the fluctuations
(True_Rate Delta 2). Aside from fluctuations in the trigger rate, the atmospheric
quality can also be quantified using the Cherenkov transparency coefficient (Hahn et al.,
2014a):

1
1 1 Ri1.77A
T N 2T N oy 2 g (44
with the number of participating telescopes N, the average amplification gain of the
photosensors g;, and the trigger rate R;. The term A allows for higher order corrections,
kn is a scaling factor (Hahn et al., 2014b), and u; is the muon efficiency of observation
1. The latter quantity specifies how many photoelectrons are detected per incident
photon from a muonic event in the camera and is, therefore, a measure of the optical
performance of the telescopes. The exact thresholds for these quality criteria depend on
the H.E.S.S. phase, as well as on the detector configuration. The data quality thresholds
for stereo mode for Phase I can be seen in tabulated form in Appendix A.1. For Phase
IT and Phase IU the stereo quality cuts have not changed, except for an additional limit
on the trigger rate of at least 1200 Hz also for the detection quality.

3.2.2 Matching Parameters

Previous works employing the classical ON/OFF method have shown that a variety of
parameters influence the background rate and need to be considered in the matching
process (Flinders, 2016; Abeysekara, 2019; H.E.S.S. Collaboration et al., 2023; Veh,
2018). In this study, the influence of the tested matching parameters on the background
rate has been estimated by calculating a distance correlation (Székely et al., 2007)
between the matching parameters and the number of background events estimated
from an OFF region using the background model template. In contrast to the Pearson
correlation coefficient, the distance correlation can account for nonlinear association
between parameters without the need to take inter-parameter correlations into account.

Among the tested parameters are the zenith angle of the observation, due to its
influence on the Cherenkov light yield from the air shower, as well as the dead-time-
corrected observation time. The influence of NSB light is also tested since it is expected
that some NSB events will remain in the data even after the observation runs have
been cleaned. Another important matching parameter is the muon efficiency ¢, which,
as described above, is a measure of the optical performance of the telescopes. To
evaluate the differences in atmospheric conditions, two quantities were investigated.
The first parameter is the Cherenkov transparency coefficient, and the second matching
parameter is the effective sky temperature, measured with infrared radiometers (Aye
et al., 2003) mounted to each telescope.

As the influence of the matching parameters can vary following major changes in
the hardware configuration of the telescope array, the distance correlation coefficients
for the different matching parameters, except the zenith angle, have been calculated
for each of the three hardware phases of the H.E.S.S. telescopes. For the construction
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of the background model template, the zenith angles of the OFF runs were grouped
into bins with a size dependent on the available statistics. These zenith angle bins were
adopted as a validity range of the zenith angle deviation for this work in order to ensure
compatibility with the background model template and can be seen in Table 3.1. In
order to have a comparable background model template between ON and OFF runs,
the azimuth angle bins from Mohrmann et al. (2019a) were also adopted for this study.
A summary of all significant matching parameters, as well as allowed deviations and
correlation coefficients for this work, can be found in Table 3.2.

Additionally, correlation coefficients were computed using only low-energy events
in order to prove the validity of these coefficients for the energy range in which the
most misclassified cosmic rays are expected. No significant dependence on the threshold
energy was found (see Appendix A.3).

Table 3.1: The bounds and number of observations Ngps for the zenith angle ©, binning
used for the construction of the background model template and run matching approach.

@z [O] Nobs
0—-10 99
10 —20 | 392
20 —-30 | 650
30 —40 | 444
40 — 45 | 300
45 —50 | 306
50 —55 | 150
55— 60 | 61

Table 3.2: Matching parameters used for the OFF run estimation. Additionally given
are the respective allowed deviations of all parameters and their distance correlation
(Székely et al., 2007) with the background rate.

Matching parameter Valid parameter range Correlation deopr
Phase I Phase II Phase IU

Zenith Angle O, within zenith bins 0.36 0.32 0.45
Trigger Rate r Ar < 25% 0.42 0.66 0.46
Duration ¢ At <T% 0.64 0.68 0.71
Transparency Coeff. 7 AT < 6% 0.43 0.66 0.55
Radiometer Temp. Ry A Ry < 50% 0.23 0.51 0.48
Muon Efficiency €, Ae, <11% 0.42 0.37 0.16
NSB ANSB < 80% 0.32 0.25 0.24

54



3.2.3 Fractional run difference

The deviations of the matching parameters are then used to quantify the difference
between an ON and OFF run, by calculating the fractional run difference f:

A
f= chorr’j : ‘O‘ﬂjiloﬁf| ’ (45)
J

Zon

where j is one of the matching parameters, and dc,; is the distance correlation for
the respective matching parameter. The observation with the smallest fractional run
difference is chosen as the OFF run for the corresponding ON run. This approach
ensures that the best match does not depend on the order in which the OFF runs are
compared to the ON run.

If no OFF run fulfilling all matching criteria can be found, only the parameters with
the largest influence (top half of Table 3.2) are used for the matching. In this case,
the fractional run difference computed with all matching parameters can be large, and
the suboptimal matching is then taken into account by increased systematic errors (as
described in section 3.4).

3.3 Background estimation
3.3.1 General method

After matching every ON run with an OFF run, the background model template was
normalised to the OFF run. During this process, the background rate Rpg is corrected
for minor discrepancies stemming from varying observation conditions between the
average run used for the templated construction and the nominal observation conditions,
employing the relation given in Equation 43, as described in section 3.1.4.

For every ON and OFF run, the energy at which the deviation between true and
reconstructed energy —referred to as the energy bias— reaches 10% was estimated.
This energy was then set as a safe energy threshold and the data at lower energies were
discarded. The maximally allowed offset between the reconstructed event direction
and the pointing position of the telescope was 2.0°. gammapy version 1.2 (Deil et al.,
2020; Donath et al., 2023) was used to create a dataset with a square region geometry
of 4° x 4° centred around the pointing position of the OFF run. This MapDataset
combines information such as a counts map (the observed number of events passing
selection cuts in each bin), expected background map, and exposure. The size of the
geometry was chosen such that all of the data within the above-mentioned thresholds
were included in the analysis. For a correct description of the amount of cosmic-ray
background in the observation, it is important to ensure that no -ray source is present
in the region to which the parameters of the background model template are fitted.

Therefore, the regions containing previously identified extragalactic y-ray sources in
the OFF run were excluded from the fit of the background model template. Additionally,
we excluded a circular region with a radius of 0.5° around the observation target of
the respective OFF run to minimise the amount of y-ray emission included due to
subthreshold «-ray sources. The background model template was then fit to the OFF
run. Thereafter, only the adjusted background model template was used.

In addition to minimising the deviations between ON and OFF run by comparing
the fractional run deviation and identifying the best-matching OFF run, deviations
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Figure 3.3: Dependence of the array trigger rate of the four small H.E.S.S. telescopes
on the zenith angle of the measurement for the first optical phase. A fit of Eq. (47) to
the data yields the parameters used for the background correction.

between the observations can be accounted for by applying correction factors. One
correction applied accounts for the deviation in duration (observation time during which
the telescope system can trigger on a signal) between the ON and OFF runs:

biorr - ton

bion = o
FF

(46)
where b; is the total number of background events per spatial pixel and ¢ is the total
duration of the observation.

The second correction applied accounts for the deviation in zenith angle of the obser-
vation. Because of the matching within the zenith angle bins used in the computation
of the background model template (see Table 3.1), some run pairs can have a deviation
of up to 5° in zenith angle ©,. The correction factor to account for this deviation is
calculated using;:

bon = borF - p1 cos (@z)pz . (47)

This correction follows the relation between the cosmic-ray rate —and therefore also
the trigger rate, which is dominated by hadronic background events— and the zenith
angle of the measurement, established in Lebohec and Holder (2003). The parameters
p1 and pe were estimated for every optical phase by fitting Eq. (47) to the trigger rate
of the H.E.S.S. array for all observations performed in the respective optical phase. An
example of such a fit to the trigger rates can be seen in Fig. 3.3. The fit parameters for
all optical phases, as well as more information about their computation, can be found
in Appendix A.2.

In the next step, another MapDataset was created and filled with the reconstructed
events observed in the ON run. The background model template was then assigned to
this dataset, and the spectral tilt § and background normalisation ® derived following
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Equation (43) from the fit of the template to the OFF run were assumed for this
dataset. This allows for the background rate to be adjusted to the different observation
conditions without the need to have y-ray emission-free regions in the ON run.

3.3.2 Creation of validation datasets

In order to validate the above-described background estimation method, the background
rate and source parameters achieved by applying the run-matching approach should
be compared to the standard background model template method. To achieve this,
validation datasets consisting of observations of gamma-ray sources that are either point-
like or exhibit only marginal extension, facilitating the application of both methods, were
constructed for the different background estimation techniques. For ease of reference,
these different cases have been given numbers, and an overview can be found in Table
3.3. First, a standard analysis of all ON runs for a region of interest (ROI) is performed
as a reference. For this purpose, all observations of the target region are identified, the
background model template is fitted to each ON run, and the resulting MapDatasets are
‘stacked’, which means the measured data are summed over all observations, averaged
instrument response functions (IRFs) are created, and only one MapDataset is returned
for every ROI. Hereafter, this dataset is referred to as Case 0. Another dataset was
constructed following the same steps, this time with the run-matching approach, but
without corrections, in order to estimate the background rate. Hereafter, this is referred
to as Case 1. We constructed one dataset where only the correction for the differences in
duration was applied (Case 2) and another where both corrections were applied (Case 3).
Two more datasets were constructed to estimate the influence of the systematic errors
introduced due to the run-matching (see section 3.4); these are labelled Case 44 and
Case 4-, respectively, for increased and decreased background count rate.

Table 3.3: Overview of the identifiers used for the datasets in this validation.

Case Description
Case 0 standard background model template analysis
Case 1 run-matching approach
Case 2 Case 1 with a duration correction
Case 3 Case 2 with a zenith angle correction
Case 4+ Case 3 with added systematic uncertainties
Case 4- | Case 3 with subtracted systematic uncertainties

3.3.3 Derivation of the correlation coefficients and validity intervals

The influence of the respective matching parameters on the background rate was esti-
mated by analysing archival H.E.S.S. data obtained for the y-ray source PKS 2155—304
using the direct application of the background model template (Case 0).

PKS 2155—304 was chosen as a test region as it has been continuously monitored
since the commissioning of the first H.E.S.S. telescope and a large amount of data with
varying observation conditions has been acquired. Additionally, the v-ray signal in
this ROI is contained in a small, well-known region, resulting in a small uncertainty in
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the background rate. The background model template was fitted to each observation
in this dataset, and the number of background events was estimated. The data were
then split into three groups depending on the hardware configuration of the telescope
array. A total of 791 observations distributed over the three hardware phases was used.
A distance correlation coefficient between the different matching parameters and the
background rate was then computed. The results can be seen in Table 3.2. To estimate
the valid range for every matching parameter, the background rate estimated for Case 0
was compared with that resulting from the run-matching approach (Case 3) for a large
number of observations. To this end, all observation pairs from the sets of observations
on PKS 2155—304 indicated in Table 3.4 were used.

For each of these observations, all possible OFF runs were identified, the background
rate of all pairs for Case 0 and Case 3 computed, and the deviation of these calculated
as follows:

Rpao — Rpas

ARpe = Rpa3

(48)
with Rpg,o the background rate of the dataset for Case 0 and Rpg 3 the background
rate for Case 3. Additionally, the deviation between all matching parameters of ON
and OFF runs was calculated for each observation pair as Az = (Ton — Toft) /Ton, Where
x is a given matching parameter. Then the mean background rate deviation ARpg
per Ax was computed, and the valid parameter range was defined as the Ax at which
|ARpg| > 10%. This computation is performed individually for all four telescopes, and
the smallest value is identified as the upper bound of the validity range. A visualisation
of the distribution of ARpg and its mean for the Muon efficiency can be seen in Fig.
3.4.

3.4 Systematic errors

In order to estimate the systematic uncertainties introduced by employing the run-
matching approach, the background rates for Case 0 were compared to the rates obtained
for Case 3. Because of strong variations in the optical efficiency of the telescopes, the
systematic uncertainty can vary for observations obtained at different times. To account
for this effect, the systematic uncertainties should be computed for each individual
analysis by selecting observations recorded in a short time span around the recording of
the ON runs used for the source analysis. In order to validate this background estimation
technique, ON runs from three different time periods will be used. To account for this,
three different sets of observations for the estimation of the systematic uncertainties
were computed. For all three sets, observations on the source PKS 2155—304 were used,
excluding the observations that are part of the public data release.

For each of these observations, all possible OFF runs were identified, and the
background rate of all pairs for Case 0 and Case 3 was computed. Then, the deviation
of these two rates was obtained as indicated in Eq. 48. This deviation, which can
be used as a measure of the systematic shift, was calculated for all run pairs, and
the results were grouped according to the fractional run difference of the respective
OFF run. Although this comparison is a good estimation of the systematic uncertainty
introduced by the run-matching approach, it is limited by the available statistics, and a
coarse bin size of Af = 0.1 was chosen. Subsequently, the standard deviation of the
background deviation was computed in each bin with more than ten entries to ensure
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Figure 3.4: Background rate deviation ARpq per difference in muon efficiency for each
ON-OFF run pair in set 3 (see Table 3.4 for more information on the set). The case of
no deviation between the background rates is depicted by the black dashed line, and
the mean of ARp¢ is depicted by the purple line.

sufficient statistics for a stable result. The standard deviation is then used as systematic
uncertainty on the background count rate for a run pair with the respective fractional
run deviation. Table 3.4 provides further properties of the three sets that were used to
estimate the systematic uncertainties for the analyses of the validation datasets.

Table 3.4: Properties of the sets of observations from which the systematic uncertainties
were estimated and the corresponding source analysis they were used for.

Set | Optical phase Non  Norr Analysis Region

Set 1 1b 49 284  Crab Nebula, MSH 15—52, RX J1713.7—3946
Set 2 1c 38 2170 PKS 2155—304, Sculptor Dwarf Galaxy
Set 3 2c2 27 631 Reticulum II, Tucana IT

A visualisation of the systematic shift for all three sets can be seen in Fig. 3.5. The
systematic errors for set 1 and set 2 are comparable, whilst the errors for set 3 are
marginally smaller. This is most likely caused by a camera update in 2016. Set 3 also
extends to higher fractional run deviations f, because a greater number of observations
on extragalactic sources was acquired in this time period.

The systematic uncertainty on the background rates derived from these tests is then
translated to a systematic uncertainty on the source flux by computing two additional
datasets for all validation regions. These are computed by using the fractional run
difference of every run pair to identify their expected systematic uncertainty and increase
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Figure 3.5: Systematic uncertainties on the background count rate introduced by using
a run-matching approach for different fractional run deviations f for all datasets. A
description of the respective sets can be found in Table 3.4

or decrease the background counts per pixel using the corresponding systematic factor.
These datasets are identified as Case 44 for the increased background rate and Case 4-
for the decreased background rate.

3.5 Validation

To validate the run-matching approach, data from the H.E.S.S. public dataset release
(H.E.S.S. Collaboration, 2018a) was analysed using the run matching approach (Case 3),
and the results were compared to an analysis using the background model template
(Case 0) and to the results reported in Mohrmann et al. (2019a). The observations
on PKS 2155—304 were selected to be acquired in time intervals where the source
does not undergo v-ray outbursts. A second dataset on PKS 2155—304 was used to
demonstrate the performance of the background estimation technique also for datasets
with large statistics. For this purpose, the observation run list from the study presented
in HE.S.S. Collaboration et al. (2018a) was utilized. Additionally, this work uses
observations of sky regions devoid of «-ray emission (which are referred to as empty-field
observations hereafter) acquired with the H.E.S.S. telescope array. These datasets
contain observations on the dwarf galaxies Reticulum II, Tucana II, and Sculptor Dwarf
Galaxy.

The public data release only contains data passing a tight quality selection (for more
information, see Aharonian et al., 2006a). Therefore, all observations that are part of
the data release can be used for this validation study. The empty-field observations
were filtered to only contain observations that pass spectral quality cuts. The properties
of these datasets are listed in Table 3.5.

The spectral and morphological properties of the «-ray emission from all sources
contained in the public data release (see Table 3.5) were acquired by performing a
three-dimensional fit of a spectromorphological model to the dataset. A stacked analysis
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was performed using gammapy.

All datasets were prepared using a spatial pixel size of 0.02°. The spatial extension
of the MapDatasets for each analysis region was chosen such that all events recorded in
the observations were included in the analysis, and the energy axis for each dataset was
chosen to be logarithmically spaced, with eight bins per decade.

Table 3.5: Analysis datasets used in this study.

Target Type , Extension Runs Time [h] Zenith angle f
Reticulum IT dSph None 16 7.0 34° — 50° 0.24
Tucana II dSph None 14 6.2 35° — 38° 0.28
Sculptor Dwarf Galaxy  dSph None 22 10.0 11° —19° 0.22
Crab Nebula? PWN | Point-like 4 1.9 45° — 49° 0.35
PKS 2155—304 (steady)* AGN | Point-like 6 2.8 23° — 37° 0.89
MSH 15-522 PWN | Extended 15 6.8 36° — 39° 0.22
RX J1713.7—3946% SNR | Extended 15 7.0 16° — 26° 0.58
RX J1713.7-3946 (large)® SNR | Extended 153 510 17° —59°  0.57

#This dataset is part of the first public data release of the H.E.S.S. collaboration (H.E.S.S.
Collaboration, 2018a)
b More information on this dataset can be found in H.E.S.S. Collaboration et al. (2018a)

3.5.1 Validation with empty-field observations

The quality of the background estimation was assessed via the Li&Ma (1983) significance
distribution. For an empty sky region, a Gaussian distribution centred around u = 0,
with a standard deviation of 0 = 1 is expected, since the fluctuations of the background
counts are Poisson distributed.

To test for the correct description of the background, the three datasets comprised
of observations centred on the dwarf spheroidal galaxies Reticulum II and Tucana II, as
well as the dwarf galaxy Sculptor are computed. These regions were chosen because no
significant y-ray emission from the sources and within a region with a diameter of 4°
around the sources has been observed with H.E.S.S. (Abdallah et al., 2020; Abramowski
et al., 2014b). Therefore, the regions can be used for an estimation of the background
rate without contamination from a mismodeled y-ray source.

For all regions, the significance of the number of events passing selection cuts in
excess of the background prediction in every pixel was computed. The correlation radius
used for the computation of the significance is 0.06° for all empty-field observations.
This approximately corresponds to the point-spread function of H.E.S.S.. A Gaussian
model is fitted to a histogram of the pixel significances with the fit results for the
different regions given in Table 3.6. An example distribution for the region around the
dwarf spheroidal galaxy Tucana II and the corresponding Gaussian fit can also be seen
in Fig. 3.6.

For Case 0, all three regions show a distribution centred around zero and a standard
deviation of approximately 1.0, confirming that no y-ray sources are present. The mean
of the distributions for Case 1 indicates an over-prediction of cosmic-ray background
of up to 20%. This over-prediction is slightly decreased if a duration correction is
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Table 3.6: Fit parameters of a Gaussian distribution to the Li&Ma (1983) signifi-
cance values of the background events derived from the empty-field observations. The
uncertainties are of the order of 10~ to 107> on all fit parameters.

Case Reticulum IT | Tucana II Sculptor

I o 7 o W o
Case 0 —-0.06 1.04 | —0.05 1.01 | —0.10 1.04
Case 1 —-0.11 1.04 | —0.08 1.05 | —0.15 1.03
Case 2 —-0.08 1.04 | —0.07 1.06 | —0.14 1.03
Case 3 —-0.08 1.04 | —0.06 1.06 | —0.14 1.03

Case 4+ || —0.30 1.03 | —0.24 1.04 | —0.42 1.01
Case 4- 0.15 1.06 | 0.12 1.07 | 0.15 1.07

applied (Case 2) and is further reduced once the zenith correction is applied for all
three empty-field regions.

The Gaussian fit to the significance histograms of these datasets shows that the
nominal value derived for the Case 0 datasets is included in the range covered by the
systematic error for all datasets. An example of the shift on the significance distribution
caused by the inclusion of the systematic errors can be seen in Fig. 3.7.

To rule out a potentially energy-dependent behaviour of the goodness of the back-
ground estimation, the observations of all three empty-field regions were used. For this
purpose, the data from the Case 0 and Case 3 datasets of each region were divided into
eight logarithmically spaced energy bins, from 0.1 TeV to 10 TeV. This binning was
chosen so that each bin included two energy bins of the initial dataset. The data above
10 TeV were not included in this comparison due to insufficient gamma-ray statistics.

To check for variation in background counts as a function of energy due to the run
matching, the background counts per energy bin for all empty-field region observations
for Case 0 (N3, ) and Case 3 (N3 ) have been computed. Then the ratio between
these counts N % KG /N% k¢ per energy bin has been calculated. Figure 3.8 shows this
ratio, the shaded band depicts the error on the number of background counts estimated
from the systematic error on the run pairs. It can be seen that the number of background
counts for the Case 3 datasets is slightly underestimated for lower energies and slightly
overestimated for higher energies compared to the number of counts derived for the
Case 0 datasets. This deviation is, however, found to be below 6% for all energies.

Significance histograms were also computed for all bins, and a Gaussian fit was
performed. The significance histograms, as well as the Gaussian fits for all bins for
the dataset around Sculptor, can be seen in Figure 3.9 and Table 3.7. Figure 3.9
shows that the fluctuations are indeed Poissonian distributed at low energies. At higher
energies, the statistics decrease drastically, and the background template is fitted to
the few events that are still present. This creates a truncation effect in the significance
distribution. A Gaussian fit in these bins, however, still shows a good agreement between
Case 0 and Case 3. The results for the regions around Reticulum II and Tucana II have
been summarised in the Appendix in Table A.4 and Table A.5, respectively. For the
three data sets, a Gaussian fit to the significance distribution yields comparable results
between the Case 0 and Case 3 datasets in all energy bins.
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Figure 3.6: Li&Ma (1983) significance distribution of the observations in the region
around the dwarf spheroidal galaxy Reticulum II. Depicted are the distributions for
four different estimates of the background; see Table 3.6. Each of the distributions is
shown as a histogram in grey, while a Gaussian fit to each distribution is shown by the
coloured lines.
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Figure 3.7: Li&Ma (1983) significance distributions of background counts in the region
around the dwarf spheroidal galaxy Tucana II for the different background estimation
methods.
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Figure 3.8: The ratio between the number of background counts for the Case 0 (NBj¢)
and Case 3 (IV % ) datasets in energy bins. This rate was computed using all observa-
tions of the empty-field regions.

3.5.2 Public data release

After verifying the background prediction in an empty sky region, the best-fit values
for a source analysis should be verified between the different background estimation
techniques. To this end, we analysed data from the public data release of H.E.S.S.
(H.E.S.S. Collaboration, 2018a) for both background estimation methods and compared
the results to those derived in Mohrmann et al. (2019a). A simple power law was
chosen as a spectral model for all datasets, and in all cases, the flux normalisation Ny
at a reference energy Ejy and the spectral index I' were used as fit parameters. The

power-law model is defined as:
dN E\ "
— =Npg- | =— ) 49

e~ ° (E0> (49)

The reference energy for all datasets was chosen to be equal to the values used in
Mohrmann et al. (2019a), for the sake of comparison, and can be found in Table 3.8.
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Figure 3.9: Significance distribution for the region around Sculptor in energy bins. A
Gaussian fit to the histogram for Case 0 is depicted by the solid purple line, and a fit
to the Case 3 dataset is depicted by the blue dashed line. The number of events in the
last energy bin is too sparse for a good fit, however, the distributions of the significance
values are comparable.

Table 3.7: The fit parameters of the Gaussian fit to the significance distributions
estimated from the region around Sculptor.

Energy bin [TeV] Case 0 Case 3 Case 4+ Case 4-
,u o w o L o W o
0.18 - 0.32 -0.13 1.01 | —0.12 1.02 | —0.37 1.00 | 0.14 1.06
0.32 - 0.56 -0.13 1.03 | —0.19 1.03 | —=0.58 1.00 | 0.23 1.09
0.56 - 1.00 —-0.08 1.05| —0.12 1.04 | —-0.39 1.03 | 0.18 1.07
1.00 - 1.78 —0.15 1.06 | —0.18 1.06 | —0.36 1.03 | —0.02 1.09
1.78 - 3.16 -0.16 1.03 | —-0.18 1.03 | —0.30 1.01 | —0.06 1.06
3.16 - 5.62 —-0.26 0.89 | —0.28 0.88 | —0.34 0.87 | —0.21 0.90
5.62 - 10.00 —-0.27 0.67 | —0.28 0.67 | —0.32 0.66 | —0.25 0.68
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Table 3.8: The best-fit parameters for all sources analysed in this study. Ref. denotes the values given in Mohrmann et al. (2019a), C 0
are the values derived from the case 0 dataset and C 3 the values for the analysis of the case 3 dataset.

No [1072

RA [°] Dec [°] ro [°] e [°] o [°] Eo [TeV] cm*2s*1TeV_1] r
Ref. | 83.619 4+ 0.003 22.025 £ 0.002 —— —— —— 1.45 17.3+£0.8 2.69 £ 0.07
Crab Nebula C 0 | 83.628 4= 0.002 22.026 £+ 0.002 —— —— —— 1.45 16.8 £ 0.7 2.73 £ 0.06
C 3 | 83.629 4 0.002 22.027 £ 0.002 —— —— —— 1.45 16.1 £ 0.7 2.67 £ 0.06
Ref. | 329.73 £0.007 —30.227 4 0.006 —— —— —— 0.65 22.1+2.2 3.50 £0.23
PKS 2155—-304 CO0 | 329.724+0.005 —30.224 + 0.004 —— —— —— 0.65 171 +1.8 3.73+£0.21
C3 | 329.724+0.006 —30.227 £ 0.005 —— —— —— 0.65 16.8 £ 1.7 3.68 £0.2
Ref. | 228.55+0.01 —59.171 4£0.007 0.196 & 0.007 0.801 4= 0.038 151 £6.0 1.4 2.91+0.14 2.41 £ 0.05
MSH 15-52 Cco 228 56 £0.04 —59.175+0.003 0.170£0.004 0.7394+0.020 1454+2.2 1.4 3.35+£0.24 2.42 £+ 0.08
C3 22856 £0.02 —59.170 +£0.001 0.169 £0.001 0.765 £ 0.034 149 £ 7.8 1.4 3.26 £0.34 2.40 £ 0.08
Ref. —— —— —— —— —— 1.15 13.3+0.5 2.21 +£0.04
RX J1713.7-3946 C O —— —— —— —— —— 1.15 14.1+0.7 2.26 £ 0.05
C3 —— —— —— —— —— 1.15 14.9+0.7 2.17+0.04

Note: The parameters rg, e, & are the major axis, eccentricity, and position angle of the elliptical disk used to describe the emission from MSH 15—52.
Due to the complex spatial shape of RX J1713.7—3946 no spatial model was used to describe the emission. Instead, a template has been created from
the excess observed in the data and only a spectral model was applied to the excess region. These fit parameters are compared to reference values from
Mohrmann et al. (2019a). The reference energy Eios was fixed for the likelihood-minimisation.



The correlation radius used for the computation of the significance maps and his-
tograms for all datasets is 0.06°, except the dataset centred on the Crab Nebula, which
is 0.1°, because of the small size and limited statistics of the dataset.

For the sake of comparing the best-fit results between this analysis and the results
obtained in Mohrmann et al. (2019a), the same spatial models are chosen. It should
be noted that these models should not be interpreted as yielding the most accurate
description of the region. The Crab Nebula, as well as PKS 2155—304, are described
using a point source model. For a more in-depth discussion of these sources, see
Aharonian et al. (2024) and H.E.S.S. Collaboration et al. (2017), respectively. The
pulsar wind nebula MSH 15—52 (analysed in detail in Aharonian et al. (2005)) is
described by an elongated disc model. For the supernova remnant RX J1713.7—3946,
no predefined spatial model could be used because of the complicated morphology of the
source. For this reason, an ‘excess template’ was constructed. This was done by fitting
the background model template to the observations outside of the source region and
then subtracting the best-fit model derived in this fit from the data. To minimise the
bias introduced by the statistical fluctuations in the observed data, the template was
smoothed using a two-dimensional cubic spline function. In the last step negative values
in the template have been replaced by zero. More information describing the newest
results for the emission from RX J1713.7—3946 can be found in H.E.S.S. Collaboration
et al. (2018a).

An additional challenge for the analysis of these datasets is that, depending on
the source location, misclassified cosmic rays are not the only source of background
events. Observations centred in the Galactic plane will also include events from the
Galactic diffuse emission (Abramowski et al., 2014a). For the background estimation
employing the background model template, the Galactic diffuse emission can be partly
absorbed by increasing the normalisation of the background model template. In the
case of the run-matching approach, the background model template is normalised on
observations outside of the Galactic plane, and so absorption of the diffuse emission
into the background is not possible.

This effect has been observed in the analysis of the datasets centered on the regions
around the sources MSH 15—52, located at a Galactic latitude of b = —1.19°, and
RX J1713.7—3946, with a Galactic latitude of b = —0.47°. For both datasets, an
excess signal across the whole FoV was detected at low energies. Whilst it is likely
that the observed excess emission is Galactic diffuse emission, the data used in this
validation are not extensive enough to model this signal or derive any of its physical
properties. Therefore, we adopted a strict energy threshold for the analysis of the
regions around MSH 15—52 and RX J1713.7—3946, effectively excluding the energy
range in which a significant influence of diffuse emission can be observed for H.E.S.S..
This energy threshold was evaluated for each individual analysis for Case 3. To this
end, we estimated the number of background and signal events in a source-free region
in the stacked dataset. The first energy bin after which the absolute difference between
the number of signal and background events is less than 10% was adopted as an energy
threshold for the analysis. For the analysis of both MSH 15—52 and RX J1713.7—3946,
this resulted in an energy threshold of 560 GeV.

In addition to the increased energy thresholds, a second modification of the back-
ground estimation needs to be included for the datasets for MSH 15—52 and RX J1713.7—3946.
Because they were taken in 2004, shortly after the commissioning of the H.E.S.S. array,
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Figure 3.10: The Region around the Crab Nebula as seen with the H.E.S.S. Telescopes.
Left: Li&Ma (1983) significance map of the region with 50 and 8¢ contours. The
contours from case 0 are depicted in blue, while the contours from case 3 are depicted
in pink. The best-fit position is indicated by the black cross. Right: Significance
distribution of the background in the FoV.

the optical phase is very short due to the fast system degradation, and few observations
were taken outside of the Galactic plane in this time period. For this reason, an
insufficient number of OFF runs can be found within this optical phase, and the first
two optical phases have been combined.

The best-fit parameters for the datasets created using the run-matching approach
for all sources can be found in Table 3.8. Additionally, the best-fit values derived in the
previous analysis are indicated in the table for comparison, as are the results derived
from the Case 0 datasets. A visual comparison of the fit parameters for all sources can
be found in Appendix A.4.

Table 3.9: Gaussian distribution of the Li&Ma (1983) significance values of the back-
ground events derived for each of the datasets in the H.E.S.S. public data release. The
uncertainties on y and o are of the order of 10~ to 107> for all regions.

Case Crab Nebula | PKS 2155—-304 = MSH 15—-52 | RX J1713.7—-3946 , RX J1713.7—3946 2

i o I o I o I3 o I3 o
Case 0 -0.12 1.08 | —0.11 1.04 —-0.16 1.04 | —0.26 1.02 —-0.20 1.05
Case 3 -0.01 1.12 | -0.17  1.03 —-0.29 1.02 | —0.29 1.03 —0.18 1.05

Case 4+ || —0.34 1.18 | —0.34  1.06 —-0.68 1.05 | —0.56 1.07 —0.81 1.11
Case 4- 0.36 1.08 | 0.01 1.02 0.14 1.00 | 0.00 1.00 —0.51 1.23

Point-like sources

The comparison of the best-fit parameters for the analysis of the y-ray emission from
the Crab Nebula and PKS 2155—304 can be found in Table 3.8. The left panel of Fig.
3.10 shows a significance map for the region around the Crab Nebula. Indicated in the
significance map are the 50 and 8 ¢ contours for Case 3 in dashed pink lines, and the
contours for Case 0 as solid blue lines. The contours show good agreement.
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The right panel of Fig. 3.10 shows the distribution of significance entries in the
respective maps. A region of 0.5° radius around the source has been excluded to
avoid contamination of residual -ray emission. The significance map and histogram of
the region around PKS 2155—304 can be found in Appendix A.5 (Figure A.9). The
distribution of the background counts shows a shift between the datasets for Case 0
and Case 3, indicating a slight over-prediction of the background rate for the Case 3
dataset. This shift is, however, within the expected range derived from a study of the
influence of the systematic uncertainties (see Table 3.9)

The best-fit results of the likelihood minimisation for the Crab Nebula can be seen in
Table 3.8. All parameters except the best-fit position are comparable within statistical
errors with the results derived in Mohrmann et al. (2019a). The comparability of
the right ascension between Case 0 and Case 3 suggests that a change in pointing
reconstruction might be responsible for this deviation. A similar deviation can be
observed for the best-fit parameters of PKS 2155—304 (see Figure A.2), where we also
see a slight decrease in flux normalisation compared to the results derived in Mohrmann
et al. (2019a). In each region, the Spectral Energy Distribution (SED) were computed.
For the computation of the SED points, the flux normalisation of the respective source
model was refitted in every energy bin, and from this, a mean flux per energy bin
was derived. If the fit of the model in the respective energy bin shows a significance
above 20, an SED point is derived. Otherwise, an upper limit is calculated. For the
calculation of the SED points of all datasets, 12 logarithmically spaced energy bins
between 0.1 TeV and 100 TeV are used.

Good agreement is seen for both sets of SEDs depicted in Figure A.5 and Figure A.6.
Only in one energy bin, around 3 TeV, is the deviation above 1 between the SEDs
derived from the Crab Nebula. A possible reason for this deviation is the change in
the binning of the background model template that has been incorporated since the
publication of Mohrmann et al. (2019a).

MSH 15-52

A significance map of the region around MSH 15—52 can be seen in Appendix A.5
(Figure A.10) alongside the distribution of background. In this region, a shift of the
background distribution towards a smaller number of cosmic-ray signals can be observed.
This shift is most likely caused by a lack of OFF runs in this optical phase, making
it necessary to choose OFF runs from the next optical phase. It is, therefore, possible
that the time-span between the ON and OFF runs is larger than 4 years, resulting
in a high probability that the optical efficiency of the telescopes between the two
observations differs substantially. The shift can, however, be accounted for by the
systematic uncertainty introduced by the run-matching approach.

The best-fit values for all parameters agree within the error (see Fig. 3.11). The
strong dependence of the source extension on the correct estimation of the background
rate is clearly shown by the large systematic errors, which are introduced by the
systematic uncertainty on the run-matching results. The SED derived for this source
shows a good agreement within the errors with the SED computed in Mohrmann et al.
(2019a) (see (Figure A.7).
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Figure 3.11: Comparison between the best-fit values for all parameters of the elongated
model used to describe the emission from MSH 15—52. The reference values were taken
from Mohrmann et al. (2019a). Here, ‘matching’ refers to the values derived using the
run-matching approach for the background estimation, while ‘template’ refers to the
background model template. The systematic uncertainties introduced when using the
run-matching approach are indicated in red.
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Figure 3.12: SED of RX J1713.7—3946 derived in the present analysis compared to the
SED derived by Mohrmann et al. (2019a). The systematic uncertainties added by the
run-matching approach are indicated in red in the upper panel. The lower panel shows
the deviation between the SED derived in both analyses and the best-fit model derived
from the Case 3 dataset.

3.5.3 RX J1713.7-3946

Figure A.11 shows a significance map and distribution for the region around RX J1713.7—3946.
Good agreement between the background rate estimated for Case 0 and Case 3 is again
seen. The best-fit parameters can be seen in Figure A.3. The spectral index and flux
normalisation for RX J1713.7—3946 agree with the results of the likelihood minimisation
within the error. A comparison of the SEDs for RX J1713.7—3946 can be seen in Fig.
3.12. The upper panel of the figure shows a comparison of the SED derived using the
run-matching approach with that derived by Mohrmann et al. (2019a), while the lower
panel shows the deviation between the two sets of SEDs. Again, a good agreement can

be observed.

To verify that this background estimation is also stable for a large number of
observations, we analysed a dataset containing 57.0 hours of observations centred on
RX J1713.7—3946. The dataset has been presented in H.E.S.S. Collaboration et al.
(2018a) and has only been slightly modified to remove observations that fail the spectral
quality criteria. The significance map and distribution can be seen in Figure A.12
and the spectrum in comparison with the SED derived in H.E.S.S. Collaboration
et al. (2018a) in Figure A.8. A comparison of the fit parameters for both background
estimation techniques can be seen in Figure A.4. This analysis shows that the run
matching approach is even more robust and better agreements between the Case 0 and
Case 3 dataset analysis can be achieved for datasets containing a large amount of data.
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3.6 Conclusion

This section presents the development of a method to combine the classical ON/OFF
background estimation technique used by IACT arrays with a 3D background model
template (Mohrmann et al., 2019a). This combination of techniques makes it possible
to remove a major restriction of each method. As the 3D background model template
has been created from a large number of OFF runs, it is robust and not subject to large
statistical uncertainties. However, this method requires source-free regions in the FoV of
the observation in order to normalise the background estimation for varying observation
conditions. The classical ON/OFF background estimation does not require a source-free
region but is nevertheless very sensitive to variations in observation conditions.

This work shows that it is possible to achieve a good agreement with the previously
published results for all types of sources. Nonetheless, the datasets used here already give
an indication of the limitations of this technique. To achieve a comparable background
rate between ON and OFF runs, the two need to be chosen from periods with comparable
optical efficiency. Due to the limited number of available OFF runs in these periods,
large systematic errors can be introduced on the source parameters. This effect can be
mitigated by constructing a background model template suitable for long-term hardware
conditions, with corrections to the normalisation designed to account for short-term
variations, thereby expanding the pool of viable OFF runs for these periods.

While this study presents a detailed analysis of the systematic uncertainty on the
run-matching approach, an additional source of uncertainty —not examined in detail
here— is introduced because of the stacking of the observations. This method of
combining the observations for the analysis can produce a slight gradient in the number
of background counts over the FoV. While this effect is small, it should nevertheless
be kept in mind when interpreting the results achieved with this method and becomes
particularly relevant for large, extended sources.

An additional problem of this framework is how to treat the Galactic diffuse emission.
In this work, the energy threshold has been increased to exclude the influence of the
diffuse emission, but this is not ideal. A better approach would be to construct an
additional spectromorphological template from interstellar gas tracers.

While these disadvantages show that the run-matching approach presented here
cannot compete with the 3D background model template method in regions containing
few sources with a small extension, the non-dependence on source-free regions in
the observation is a major advantage in sky regions with many sources or for the
detection of diffuse extended structures, which cannot be observed using the background
model template alone. The presented background estimation technique is an extension
of the background estimation using a 3D background model template, offering the
possibility to still profit from the small statistical uncertainty of the background model
template, even for regions filled with significant emission, where this method can
traditionally not be used. This application is vital considering that there are currently
no survey instruments observing the southern ~-ray sky, restricting the observable
source population to structures that can be detected with the comparatively small FoV
of the H.E.S.S. array. The combined method presented here also has the potential
to increase the population of sources observable with CTAO (Cherenkov Telescope
Array Consortium et al., 2019), opening up the possibility of using the superior angular
resolution to expand our knowledge of large extended structures previously uniquely
detected by the Water Cherenkov Detectors.
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4 Introduction to Pulsars and their Environments

This chapter will give an introduction to the evolution of pulsar environments. Af-
terwards two specific pulsars, in different evolution states, PSR J1813—1749 and
PSR J1057—5226 are introduced in detail. For both of these regions data acquired with
H.E.S.S. and Fermi-LAT are analysed and possible injection scenarios are evaluated.

4.1 Supernovae and their Remnants

Supernovae, the explosion of certain types of stars, can be broadly sorted into two
categories with distinct progenitors and explosion mechanisms: core-collapse supernovae
and thermonuclear supernovae. The latter are thought to be caused by runaway ther-
monuclear fusion, which is caused by a white dwarf exceeding a maximum stable mass,
the Chandrasekhar limit, after which electron degeneracy pressure in the core can no
longer counter gravitational pressure. Thermonuclear supernova explosions leave no
remnant behind. More information about this type of supernova explosion can be found
in Liu et al. (2023). This work focuses on the remnants of the second kind of explosion,
the core-collapse supernova explosion, which occurs for massive stars and is the key
mechanism behind the formation of pulsars. An in-depth discussion can be found in
Vink (2020) and Bambi and Santangelo (2024).

A star forms from the accumulation of gas in the interstellar medium. Assuming
an ideal gas and that gravitational energy and internal energy are in equilibrium, one
can derive an expression for the gas density ¢ depending on mass M and temperature
T:
39 r—2
oox T°M~~. (50)

From this, it can be inferred that if gravity is the only energy-generation process, a con-
tracting mass heats up. So as the star forms and gains density, its central temperature
keeps rising. Once the temperature reaches ~ 107 K hydrogen fusion to helium starts
in the core. At this stage, the contraction of the star due to gravitational pressure is
stopped by the thermal pressure from the nuclear fusion as well as electron degeneracy
pressure. Once all hydrogen is burned, the thermal energy is not able to counter
gravity anymore and the core contracts again. This contraction leads to an increase in
temperature until the ignition of helium burning in the core. The star, depending on its
mass, progresses through several successive fusion stages, forming a shell-like structure
as fusion continues in the surrounding layers.

For a very massive star (M > 10Mg) the fusion processes continue until the for-
mation of an iron core. As iron has the highest binding energy per nucleon, its fusion is
an endothermic reaction, making further fusion not energetically favourable. In this
stage, thermal pressure is only generated from burning of the outer shells, resulting
in a growing iron core. This thermal pressure is not able to counter gravity, which
leads to further contraction and heating of the core. The temperature increase leads
to photodisintegration of the iron nuclei, resulting in the presence of many protons
and neutrons and heating the core further. At these high densities, electron capture
becomes possible, which leads to the reaction p+ e~ — n+ v,, and significantly reduces
the only force which still counters gravity, electron degeneracy pressure. This leads to a
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rapid collapse of the core under the gravitational pressure.

Once the core has collapsed to nuclear density, the neutron degeneracy pressure is
able to counter the gravitational pressure, and the collapse stalls. This sudden stop
results in the formation of a shock wave, which propagates outward. Simulations of
this process show that the initially outward propagating shock wave stalls due to the
pressure of the still infalling material. The reason for the outward propagation of the
shock wave after it has been stalled is not clear yet. The standard evolution model of
supernovae explosions currently explains the outward propagation and the expulsion
of all material above the core into the ISM due to interactions of the highly energetic
neutrinos with the infalling matter (Bethe and Wilson, 1985). However, overcoming
the ram pressure of the inward falling material would require that ~ 99% of the total
energy of the collapse is carried away by neutrinos, and the feasibility of such a high
rate is still highly debated (Liebendorfer et al., 2001; Sumiyoshi et al., 2005).

The whole explosion process takes place on a timescale of milliseconds and releases
several solar masses of ejecta into the ISM with a speed of ~ 10*kms™! and an energy
of ~ 10°! erg (Slane, 2017). As the ejecta expand into the ambient medium, they sweep
up, compress and heat the surrounding medium. This creates a contact discontinuity
between the shocked ejecta and the ambient medium, which results in the formation of
a strong outward-moving shock front. This shock is referred to as forward shock and its
formation is generally seen as the birth of the supernova remnant (SNR). The evolution
of this remnant can broadly be divided into four phases.

Shortly after the explosion, the ejecta propagate outward into a dense region that
has been heavily influenced by the stellar wind of the progenitor star. The shock
front forms and expands outward, while the ejecta behind the forward shock expand
adiabatically into the surrounding medium, cooling them to low temperatures. Due to
the accumulation of material, the forward shock gradually slows down, while the ejecta
behind the shock are still expanding outward at high speeds. This builds up pressure
in the shocked surrounding medium, which in turn pushes back against the freely
expanding ejecta, forming a reverse shock that moves inward (in the frame of the ejecta).
This phase is referred to as the free expansion phase and ends when Mgwept ~ Mejecta-
The duration of this phase depends strongly on the mass and energy of the ejecta, but
also on the stellar wind of the progenitor, which strongly influences the density of the
region in which the forward shock expands (Cardillo et al., 2015).

The next phase is referred to as the Sedov-Taylor phase and is characterised by a
mass domination of the swept-up ISM over the ejecta and adiabatic expansion. The
reverse shock has usually traversed most of the ejecta and heated them significantly.
The phase ends when radiative losses become dominant.

Once radiative cooling becomes significant, the remnant enters the snow-plow phase.
In this phase the remnant is still expanding, but mainly due to thermal pressure. The
phase ends when no more expansion is possible.

In the final phase, the shock front slows to subsonic speeds and merges with the
ISM. A thorough review of the different phases is given in Vink (2020).

The development of the core after the explosion depends on the initial mass and
the abundance of elements heavier than helium, the metallicity of the progenitor. For
progenitors with a low metallicity and an initial mass of smaller than 20 — 25 M), the
neutron degeneracy pressure is not able to counter the gravitational pressure and the
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core collapses, creating a black hole. Kochanek (2015) has presented observational
evidence that it is also possible for heavy progenitors to collapse directly into a black hole
without undergoing a supernova explosion. In the majority of supernova explosions, the
progenitors have a mass lower than ~ 20 — 25 M. In this case, the neutron degeneracy
pressure is enough to counter the gravitational pressure, stopping the collapse and
leaving behind a very dense object, which is referred to as neutron star.

Stars in an intermediate mass range of 8 Mo < M < 10 My can also undergo a
supernova explosion in case they have a degenerate oxygen-neon-magnesium core. In
this scenario, the supernova explosion occurs before the iron-burning stage is initiated.
Since the mass of the progenitor is lower, the gravitational pressure is not as strong,
and an equilibrium between electron degeneracy pressure and gravitational pressure
is reached after Carbon burning in the core is completed. No further contraction
happens and the star continues with shell burning until the mass of the core approaches
the Chandrasekhar limit of M = 1.38 M (Chandrasekhar, 1931). At this point,
the temperature is high enough for electron capture to set in, reducing the electron
degeneracy pressure. This results in a runaway process that leads to a supernova
explosion. In this case the explosion is referred to as an electron capture supernova
explosion, and the core is expected to be a neutron star. SN 1054, associated with
the Crab Nebula, is believed to be such an electron capture supernova due to the low
explosion energy and specific observational properties, such as its faint ejecta mass
(Hillebrandt, 1982).

Stars with masses below 8 M, do not undergo supernova explosions. After exhausting
hydrogen in the core, the star expands, and helium fusion begins. Strong stellar winds
cause mass loss, and eventually, the outer layers are expelled, forming a planetary
nebula. The remnant is a carbon-oxygen white dwarf, supported by electron degeneracy
pressure, which remains stable as long as its mass stays below the Chandrasekhar
limit. If the star is part of a binary system, the white dwarf can accrete mass from its
companion. If it approaches the Chandrasekhar limit, a thermonuclear runaway ignites
carbon fusion, leading to a Type Ia supernova, which completely disrupts the star. More
information on the evolution of low mass stars can be found in Luhman (2012).

4.2 Pulsars

In both core-collapse supernovae and electron-capture supernovae, the remnant is a
very dense object (o ~ 1017 kg/ m3), referred to as a neutron star. During the collapse,
the radius of the progenitor shrinks from 10* — 10km to ~ 10km (Vidafia, 2018),
conserving both the magnetic flux ® = B - A, with A the surface area of the star and
the angular momentum L = I - w, with I = M - R? the moment of inertia. This leads to
very high magnetic fields in the order of 10® — 10'® G and rapid rotation of the neutron
star with spin periods P = 27 /w of around 0.03 — 3s.

The existence of these rapidly rotating, neutron-dense objects as remnants after a
supernova explosion has first been postulated in Baade and Zwicky (1934). Since then,
models describing possible radiation from these objects, as well as theories about the
state of matter in their dense interiors, have undergone numerous revisions. To this
day, there is no universally accepted model for the composition and equation of state of
neutron star matter (Vidana, 2018).
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There has, however, been significant progress in understanding the potential radi-
ation emitted by these sources. In 1967, F. Pacini postulated that a rapidly rotating
neutron star with a strong magnetic field could emit significant radiation across the
electromagnetic spectrum (Pacini, 1967). In the same year, a sky survey of a large radio
telescope at the Mullard Radio Astronomy Observatory revealed radio signals that were
periodically appearing at a fixed position in the sky with high regularity (Hewish et al.,
1968). These pulses with a period of P = 1.34s were shown to originate from a compact
object, which was termed pulsar due to the short time intervals and precise periodicity
of the signal. Shortly after the discovery of the pulsed radio emission, Gold (1968) made
the connection between the discovered pulsating object and the theory postulated by
Pacini, stating that pulsars are neutron stars that emit radiation from their magnetic
poles. This connection has since then been established by observational evidence, such
as the precise periodicity of many pulsars, as well as their detection at the centres of
supernova remnants.

The strong magnetic field of the rotating neutron star induces an electric field on
the stars surface. This electric field, in turn, accelerates charged particles from the
surface along the magnetic field lines. These charged particles are thought to be mainly
electrons and positrons, though contributions from ions cannot be neglected (Lemoine
et al., 2015; Amato et al., 2003a). The primary particles, accelerated along the magnetic
field lines, emit high-energy gamma rays via curvature radiation and IC scattering.
These photons then undergo pair production, initiating electron-positron cascades that
fill the region around the star. When the magnetic axis and the rotation axis are aligned,
the charged particles stay trapped on the symmetric field lines and can be detected as
an isotropic signal around the neutron star (Pétri et al., 2002).

If the magnetic and rotational axes are misaligned, the geometry of the system
changes. Close to the neutron star, the magnetic field lines can be assumed to be
co-rotating with the rotational axis of the star. This region is referred to as the pulsar
magnetosphere. The speed of co-rotation of particles accelerated on the magnetic field
lines with the pulsar can be described by v = wR with w the angular velocity of the
pulsar. At a distance of ry = ¢/w, further co-rotation is no longer possible since this
would require the particles to become faster than the speed of light. Since R is given
as the distance from the rotational axis, the end of the magnetosphere is marked by a
region with the cylindrical radius of rp, called the light cylinder. This relation infers
that magnetic field lines that extend beyond the light cylinder cannot be closed

A schematic of the region can be seen in Figure 4.1. The charged particles accelerated
along open field lines escape the magnetosphere, resulting in a magnetized supersonic
particle wind. This can be observed from Earth if the magnetic axis is oriented such
that the beam sweeps across our line of sight. The magnetized particle wind also leads
to the gradual decrease of the rotational energy of the pulsar. Under the assumption of
a rotating magnetic dipole model, the energy loss rate E can be approximated as:

B,RSQ!

B
6¢3

sin (X)2, (51)

with B, the magnetic dipole strength and x the angle between the magnetic field and
the pulsar rotation axis, which accounts for the misalignment. The behaviour of the
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Figure 4.1: Left: Schematic depiction of the light cylinder around a pulsar. Figure
taken from Lorimer and Kramer (2004)

spin-down luminosity with time is characterized by:

n+1
. dE . £\ n1
E::EO<1+> , (52)
dt Tsd

with Ej the initial spin-down luminosity, 754 the spin-down timescale, ¢ the neutron star
age and n the braking index, which qualifies how the spin-down rate changes with time.
For a simple dipole model the braking index is expected to be n = 3. Observations of
isolated pulsars have however shown that the measured braking index often deviates
from that expectation (Lyne et al., 1996; Hamil et al., 2015; Archibald et al., 2016),
implying that the change in spin-down rate cannot be attributed solely to constant
dipole radiation.
The number of ejected particles per unit time can be estimated as:

: B P\ 2
_ 30 —1
N =27-103 (1012 G) <1S> s71 (53)

where k is the number of pairs produced by a single primary particle at the polar caps.
The true value of x is however still debated and depends strongly on the ion fraction in
the pulsar wind (Hibschman and Arons, 2001; Bietenholz et al., 2004).

The age of the pulsar can be calculated as:

()
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with Py the initial spin period of the star. Under the assumption of a simple magnetic
dipole model, this can be simplified to the characteristic age of the system:

ty = L (55)

ch — 2P
with P = dP/dt the time derivative of the period. While providing a good first estimate
of the pulsar age, it should not be seen as the true age of the pulsar, and models
of individual sources often find the characteristic age to be inaccurate (Kaspi et al.,
2001; Gaensler and Frail, 2000). This inaccuracy is also evident when comparing the
characteristic age of the Crab pulsar (7. = 1260,yrs) (Manchester et al., 2005) to the
historical record of its supernova explosion in 1054 AD (Hillebrandt, 1982).

4.3 Pulsar Wind Nebulae

When the initially low-density particle wind streams out of the light cylinder, it is
compressed and slowed by interactions with the ambient medium. This creates a wind
termination shock, which serves as an acceleration site for further particles escaping the
light cylinder. The shock forms at a radius where the pressure within the surroundings
equals the ram pressure of the wind:

E
Rps = || ———, 56
T 4ATweppwN (56)

with w. the filling factor for the wind and ppwn the total nebula pressure (Slane,
2017). The acceleration mechanism at this shock front is still debated, it is believed
to be dominantly caused by Fermi acceleration, with magnetic reconnection playing a
substantial part (Sironi and Spitkovsky, 2011; Sironi and Spitkovsky, 2014).

Overall, it is believed that the injection spectrum of the electrons can be well
described by a broken power law:

. . —p1
dN Nbreak (ﬁ) ) Enin < E < Epreak

——= =9 - (57)
dE Nbreak (ﬁ) " ) Ebreak <FEZ Emax

with typically a high index ps ~ 2.5 reflecting the dominance of Fermi acceleration at a
strong shock as an acceleration mechanism and p; considerably lower possibly indicating
the influence of magnetic reconnection (Bambi and Santangelo, 2024).

The pulsar wind provides a steady stream of what is thought to be predominantly
leptonic particles, with a possible hadronic component, whose contribution remains
uncertain (Amato et al., 2003b). The leptons of the particle wind, in turn, produce
~y-rays by synchrotron radiation due to interactions of the particles with the uniform
magnetic field of the nebula and IC scattering between leptons and photons of the
ambient medium. The evolution of the pulsar wind nebula (PWN) around the pulsar
can then be divided into a number of different phases, which depend on the interplay
between the pulsar and the evolution and density of the surrounding SNR. For young
systems, it can be assumed that the pulsar is located in the centre of the SNR. This is
not true for later phases since the propagation of the forward shock front of the SNR
depends on the density of the ambient medium, which often is highly anisotropic due to
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Figure 4.2: Left: Density image for the evolution of a pulsar wind nebula in its host
SNR. Right: Density distribution of a radial slice through the system. Figure taken
from Slane (2017).

anisotropies in the stellar wind of the progenitor. This leads to an often anisotropic
development of the forward shock and in conclusion, also of the reverse shock. An
additional factor of asymmetry of the system results from asymmetries in the supernova
explosion itself. They result in an imbalance of momentum, which causes the neutron
star to move in the opposite direction. These kick velocities are found to be in a range
of ~ 200 — 1500 kms~! for single star systems (Slane, 2017).

A simulated configuration for the beginning of the evolution of the PWN/SNR system
can be seen in Figure 4.2. Initially, the pulsar wind forms a low-density, high-pressure
bubble of relativistic particles, which is referred to as pulsar wind nebula (PWN). Due
to its high pressure, it expands into the cold, high-density region of unshocked ejecta
in the SNR and sweeps up the material in a thin shell, creating a PWN shock. The
shell mainly confines the relativistic particles within the PWN, though extreme density
gradients might result in particle escape due to instabilities (Chandrasekhar, 1961). The
PWN expands rapidly, which results in a decrease of the magnetic field and, therefore a
weakening of synchrotron emission. The inverse Compton emission, however, increases
in older systems due to the constant injection of particles from the pulsar wind and the
~-ray emission starts to dominate over the observed X-ray and radio emission. This
interplay of radiative mechanisms can be used to infer the stage of evolution of a PWN
from the observed ~-ray emission. Most of the bright TeV PWNe detected are in this
stage, with many of them accompanied by a faint X-ray nebula with magnetic fields
in the ~ 5 uG range (de Jager, 2008). However, even in TeV Nebulae, the luminosity
decreases with increasing age, as it is directly correlated with the spin-down luminosity,
with a study finding a correlation of L ~ F0-59+0.21 (H.E.S.S. Collaboration et al.,
2018b).

Another characteristic of the signal from PWNe is the energy dependence of their
spatial extent. In X-ray PWNe, the most energetic electrons, and therefore the brightest
signal, can be found close to the pulsar where the magnetic field is strongest. The

79



lower energetic electrons farther from the pulsar emit synchrotron radiation in the radio
energy range, resulting in a PWN that is more extended at those longer wavelengths.
Particle transport in PWNe involves a complex interplay between diffusion and
advection, with both processes contributing to the overall transport of particles. If, for
a simplified model, only diffusion is assumed, the spatial extent of the nebula can be
approximated as rqig = V2t - D with D the diffusion coefficient given by:

D:D()(Ee)é, (58)

Eref

with the electron energy E., the diffusion index J and the diffusion coefficient Dq at
the reference energy E.or. Based on diffusion alone, it might be expected that nebula
extension would increase with increasing lepton energy since more energetic particles
diffuse faster. However, this is not observed in studies of TeV PWNe (e.g. see (H.E.S.S.
Collaboration et al., 2024), (H.E.S.S. Collaboration, 2019)). Instead, observations show
a decrease in extension with increasing energy, which is generally attributed to electron
cooling. Higher energetic leptons lose energy faster through synchrotron cooling (only
near the pulsar) and IC scattering, meaning they cannot diffuse outwards as far before
cooling significantly. As a result, TeV PWNe show a highly energy-dependent morphol-
ogy, with their extension being smallest at the highest energies (H.E.S.S. Collaboration,
2019; Aharonian et al., 2024).

The free expansion of the PWN stops when it collides with the reverse shock. At
this stage, the pressure in the reverse shock is greater than the pressure in the PWN,
resulting in deceleration and then later compression of the PWN (Gelfand et al., 2009).
Due to the asymmetric nature of the formation of the reverse shock and the kick velocity
of the pulsar, the likelihood of an asymmetric collision is high. This can result in a
displacement between the pulsar and PWN or even full separation of the two (see page
3544 in Bambi and Santangelo (2024) and references therein). If no separation occurs,
the compression leads to an increase in magnetic field strength (Gelfand et al., 2009).
This significantly increases the synchrotron radiation from particles injected into the
nebula before the interaction, resulting in the existence of low energetic particles in the
nebula. The pressure within the nebula also increases until it overcomes the pressure of
the ambient medium and expands again. During this interplay between compression and
expansion, an increase of instabilities in the PWN is thought to occur, which can lead
to ‘leakage’ of highly relativistic particles into the SNR or even into the surrounding
medium (Ohira et al., 2018).

A good way to visualize the evolution of pulsars over time is given by the P — P
diagram. Such a diagram, containing all pulsars listed in the ATNF (Manchester et al.,
2005), can be seen in Figure 4.4. Young energetic pulsars have short spin-periods (P)
and high spin-down rates (P), and are located in the upper left corner of the diagram.
These pulsars are expected to power compact and very bright PWNe. Over time, the
pulsars lose spin-down energy, moving toward the centre of the diagram. The bulk of the
PWNe population is believed to be observable from these pulsars since they still have
enough spin-down energy to sustain particle acceleration but are old enough that their
nebulae have expanded significantly. When the pulsar age increases further, its position
in the diagram shifts further towards the bottom right corner. At this stage, it no longer
has enough spin-down energy to power a pulsar wind, and the PWN dissipates into
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Figure 4.3: Left: Schematic diagram of the last evolution stage of PWNe with a
bow-shock nebula forming around the pulsar. Right: Bow-shock nebula around
PSR J0437—4715 as seen from Ha observations. Figure taken from Slane (2017)

the ISM. Once the pulsar has crossed the death line, indicated by the orange-shaded
region in Figure 4.4, it does not produce further electromagnetic emission. The absence
of electromagnetic emission below the death line can be explained by several different
scenarios. The most commonly accepted scenarios are changes in the plasma flow or
magnetic field of the pulsar, discussed in detail in Beskin and Litvinov (2022), or the
lack of further particle acceleration due to the breakdown of pair production and the
loss of strong electric fields, discussed in detail in (Beskin and Istomin, 2022).

Pulsars located in the bottom left corner are so-called millisecond pulsars. These
pulsars have short, stable periods with small spin-down rates. They are produced either
by accretion-induced collapse of white dwarfs or upcycling of old radio pulsars via
accretion from a companion. More information on the current studies of millisecond
pulsars can be found in Manchester (2017) and Halder et al. (2023). ~-ray emission from
these pulsars has recently been detected for a selected few pulsars using Fermi-LAT
(Abdo et al., 2009a). However, in the TeV energy range, no detection of emission
has been reported yet, and a study conducted with HAWC shows that even when all
likelihood profiles of the millisecond pulsar population accessible to the Observatory
are combined, no significant emission can be found (Abeysekara et al., 2025).

4.4 Pulsar Halos

The third evolutionary stage begins when the pulsar exits the SNR. The kick velocity
of the pulsar (around v ~ 300kms™ ') is greater than the speed of sound in the ISM
(around v ~ 100kms ™" for a hot phase) (Slane, 2017). This leads to a confinement of
the pulsar wind due to the pressure resulting from the pulsar motion, and a bow-shock
morphology can be assumed. The particles injected by the pulsar wind are no longer
confined to a small region by strong magnetic fields. They get upscattered on the shock
fronts of the termination shock and forward shock and can then freely diffuse outward
into the surrounding ISM. This morphology can be seen in Figure 4.3. At this stage,
a constant injection rate of particles can be assumed since the pulsar age typically is
much larger than the spin-down timescale.
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was computed using the python package psrqpy (Pitkin, 2018).
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Figure 4.5: Schematic of the evolution of a pulsar system with time. Figure taken from
Giacinti et al. (2020)

Following the definition in Giacinti et al. (2020), structures in this evolution state
are no longer referred to as PWNe, but pulsar halos, once the pulsar itself no longer
dominates the dynamics or the composition of the ISM, that is, when the energy density
of the relativistic electrons drops below the energy density of the ISM. Such structures
are also characterized by a large extension in the TeV energy range due to IC scattering
of the leptons, which are no longer confined around the pulsar. In contrast, the X-ray
structure is substantially less extended since synchrotron radiation is only produced in
the vicinity of the pulsar, where the magnetic fields are sufficiently strong. A schematic
of the three evolutionary stages outlined above and a rough estimate of how much time
the system spends in each phase can be seen in Figure 4.5.

At this stage, it can be assumed that diffusion always dominates over advection, with
studies having identified that the electron diffusion in these regions is several orders of
magnitudes below the diffusion coefficient expected for the ISM (H.E.S.S. Collaboration
et al., 2023). The reason for the suppressed diffusion is still highly debated (Quenby,
2018; Fang et al., 2019; Recchia et al., 2021). A detailed summary of the current
research in the field of pulsar halos can be found in Fang (2022a).

Following the definition of pulsar halos outlined above, until now, only a few such
halos have been detected, with the first being the halos around the Geminga pulsar
and PSR B0656+14 (Abeysekara et al., 2017b). The low number of detected halos is,
however, not necessarily an accurate depiction of the pulsar halo fraction but could be
due to the challenges faced when observing highly extended emission (see Section 3.1).
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5 PSR J1813-1749 and its Nebula

The evolution of a PWN depends strongly on the properties of the pulsar that powers the
nebula, as well as the environment it evolves in. With a characteristic age of 5600 years
(Gotthelf and Halpern, 2009) and a spin-down power of E = 5.6 - 1037 erg/s, the pulsar
PSR J1813—1749 shows the fourth-largest spin-down energy loss rate measured to date
(Ho et al., 2020). This combination of properties makes the young, energetic pulsar
not only a promising candidate for being observable in y-rays, but also an interesting
object for studying the influence of the high injection power of a central pulsar onto
its nebula. Additionally, PSR J1813—1749 is positionally coincident with the SNR
G012.8-00.0, which is believed to be its parent SNR. This association provides a rare
opportunity to investigate both the evolution of a PWN within its remnant and the
complex interactions between the SNR and PWN.

Even before the detection of the pulsar by Gotthelf and Halpern (2009), VHE ~-ray emis-
sion in the region had been discovered during the first Galactic plane survey conducted
by H.E.S.S. in 2005 (Aharonian et al., 2006c). The bright source HESS J1813—178 is
located on the Galactic plane (GLON, 12.82 4 0.03°; and GLAT, —0.03 4 0.02°) with a
compact extension of o = (0.050 = 0.004)°.

Shortly after this discovery, the young shell-type radio SNR G012.8-00.0 was dis-
covered by the radio telescope Very Large Array (VLA) in the 20 cm and 90 cm band
(Brogan et al., 2005). Brogan et al. (2005) also report the detection of X-ray emission
from the ASCA telescope, which is contained within the shell of the SNR. The pointing
uncertainty of the ASCA, however, was too large to distinguish between the signal from
the centre or the shell of the SNR. No pulsed emission was found at this time and no
conclusion about the origin of the emission could be made.

These observations triggered a follow-up study of the region using the INTEGRAL
telescope, where a composite signal was found in the 2 — 10keV energy range (Ubertini
et al., 2005). This study finds a softer spectrum than the previous studies and indicates a
possible interpretation as a composite system with a pulsar in the centre of an SNR. The
TACT array MAGIC later confirmed the detection of excess -ray emission compatible
with the observations made by H.E.S.S. and a high likelihood of the observed ~-ray
emission being of hadronic origin (Albert et al., 2006).

A study conducted with the XMM-Newton telescope, which has a considerably higher
angular resolution than the previously mentioned telescopes, detected a point-like X-ray
source with a surrounding nebula in the centre of the shell, concluding that the signal
was most likely associated with a PWN (Funk et al., 2007). This finding is supported by
observations of X-ray emission with a soft spectrum by Chandra (Helfand et al., 2007).

Funk et al. (2007), however, also presented an alternative origin scenario for the
observed 7-ray emission from HESS J1813—178. A large, dense molecular cloud is
located in the vicinity of the TeV source, at a distance of only ~ 10’. The molecular
cloud is associated with the star-forming region W33. This connection suggests that
the observed «-rays could be produced by cosmic rays accelerated in the SNR, before
interacting with protons in the dense molecular cloud. Both scenarios are presented
as equally likely, and Funk et al. (2007) notes that no further distinction can be made
until a better resolution can be reached or a pulsar is detected.

The discovery of 44.7 ms pulsations in 2009 by another study conducted with XMM-
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Figure 5.1: P — P diagram of the pulsars listed in the ATNF catalogue (Manchester
et al., 2005). The position of PSR J1813—1749, the pulsar positionally coincident with
HESS J1813—178 is indicated by the pink star. Also shown are the positions of other
young, well-known pulsars with similar spin-down powers, which host compact PWNe
in green, and the spin-down luminosity and characteristic age of the pulsars as dotted
and dashed lines, respectively.

Newton increased the likelihood of a leptonic scenario (Gotthelf and Halpern, 2009). The
pulsar PSR J1813—1749 is detected as positionally coincident with the TeV emission,
and the rather compact extension observed both in X-ray energies and TeV energies, as
well as the position of the pulsar in the centre of the observed shell-type SNR, point
toward the system being rather young. The position of PSR J1813—1749 in a P — P
diagram compared to the other pulsars in the ATNF catalogue (Manchester et al., 2005)
can be seen in Figure 5.1.

Additionally shown are three other young pulsars with similar spin-down power,
around which a bright, compact PWN has been detected and firmly identified: the
crab pulsar, with a spin-down power of E = 4.6 x 1038 erg/s and a characteristic age of
T = 1.24 kyrs; PSR B1509—58, which is the pulsar powering the PWN MSH 15—52,
with a spin-down power of E = 1.8 x 1037 erg/s and a characteristic age of 7, = 1.54 kyrs;
and PSR J1833—1034, with a spin-down power of E = 3.4 x 1037 erg/s and a character-
istic age of 7. = 4.87kyrs (Manchester et al., 2005). The placement of PSR J1813—1749
in the P— P diagram shows that, assuming that the development of a PWN is only influ-
enced by the pulsar, it is likely that the compact y-ray emission from HESS J1813—178
is associated with the pulsar.

The interpretation of the emission was further complicated by the detection of ex-
tended emission using data from the Fermi-LAT telescope. This emission is positionally
coincident with the position reported by Aharonian et al. (2006¢), but shows an ex-
tension of (0.6 +0.06)° (Araya, 2018). While a similarly extended, weak but diffuse
emission was observed during the Galactic plane survey (H.E.S.S. Collaboration, 2018b),
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this detection was discarded because of large uncertainties in the background estimation.
From their detection of the large extended emission, Araya (2018) concluded that the
origin of the GeV and TeV v-ray emission are disconnected and the GeV emission is
more likely to be caused by cosmic rays accelerated at the shock fronts of the SNR
or the HII star-forming region W33, while the TeV emission is caused by the central
pulsar. Following a study conducted by Halpern et al. (2012) this scenario is, however,
less likely because the distance to PSR J1813—1749 is far greater, possibly between
6 — 12kpc, than the estimated distance of 4.2 kpc estimated for W33.

An even more recent study of the region with Fermi-LAT supports the detection of
the extended v-ray emission and estimates a spatial extent of the emission of 0.56°, with
no uncertainty on the extension given, in an energy range of 1 GeV — 20 GeV (Xin and
Guo, 2021). These observations are supported by HAWC, which detected positionally
coincident emission with an upper limit for the extension of 0.5° (Albert et al., 2020),
and LHAASO which detected a source with an extension of (0.71 £ 0.07)° with WCDA
and two source components with an extension of (0.68 + 0.08)° and < 0.27° using
KM2A (Cao et al., 2023a).

With these contradicting results, it has not been possible to establish which of the
origin scenarios is the most likely for the y-ray emission. The detection of extended
emission for both Fermi-LAT and the WCDs, as well as the improvements in background
rejection and event reconstruction in the last years - particularly regarding the detection
of extended emission using IACTs make a reanalysis of the available H.E.S.S. data of
this region an important task.

A reanalysis of both the TeV data from H.E.S.S. and the GeV data acquired from
Fermi-LAT was conducted and published in the Master’s Thesis Wach (2022). This
work focuses on the improvement of the results presented in Wach (2022), as well as their
interpretation using the evolution of different parent particle populations to explain the
~-ray emission. The following section will give a quick overview of the morphology and
spectrum of the emission derived in the scope of the Master’s Thesis and then move on
to an extensive discussion about the systematic uncertainties on the analysis results and
the physical modelling. The information about the spectromorphological analysis of the
data, as well as the modelling of the emission, has partly been published in H.E.S.S.
Collaboration et al. (2024).

5.1 Analysis of H.E.S.S. and Ferm:-LAT data

The available H.E.S.S. data of the region around PSR J1813—1749 has been acquired in
a time window between 2004 to 2010. After the application of spectral quality cuts (see
Section 3.2.1), 32 hours of deadtime corrected observation time remain. The background
was estimated using the background template model derived in Mohrmann et al. (2019a)
and discussed in Section 3.1.4. The analysis was conducted using gammapy, version
0.18.2 (Deil et al., 2020; Donath et al., 2023), which employs a maximum likelihood
fitting algorithm (see Section 2.3.6 for more information). Since this analysis is fully
described in the Master’s Thesis Wach (2022), no additional information is given here.
The main results needed for further interpretation in the scope of this work are given
below, while a more in-depth explanation is given in Appendix B.1.

In addition to HESS J1813—178, another known ~-ray source is present in the ROI.
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Figure 5.2: Li&Ma (1983) significance maps of the data taken by H.E.S.S. in the energy
range between 0.4 TeV to 100 TeV. For both maps, a correlation radius of 0.4° was used.
Left: The contours correspond to the 3¢ and 5o regions. The dashed line indicates the
position of the Galactic plane. Right: Significance map of the region after subtracting
the emission using four components. The blue dots indicate the positions of both pulsars.
The 10 Gaussian extent of the models used to describe the emission is indicated by the
grey and black lines.

HESS J1809—193 was discovered using data from the galactic plane survey from H.E.S.S.
(Aharonian et al., 2007). A recent reanalysis of the data using the background model
template has led to the resolution of the emission into two source components (H.E.S.S.
Collaboration, 2023). To account for this emission in the analysis presented here, the
best-fit parameters from H.E.S.S. Collaboration (2023) were used.

Through the application of the background model template and improved reconstruc-
tion using ImPACT, the reanalysis of the data revealed that the emission can be best
described by a compact emission model, as well as a second extended source component,
which could be detected with a significance of 13 ¢. It was found that a Gaussian model
yields the best description for both components. The symmetric Gaussian source model

is defined as: .
1 1
P(O)= —— —— 59
©) 2770%/Iexp< 2‘712\4>7 (59)

with oas being the 1o containment radius of the Gaussian and © the angular distance
to the model centre. In the case of an elongated Gaussian, the major axis o, is defined
by oes, the effective containment radius:

oeft (AQ) = \/(O’M sin (A¢))2 + (aM /(1 — €2) cos (A¢)>2 , (60)

with e being the eccentricity and A¢ the difference between the position angle of the
Gaussian ¢ and the position angle of the evaluation point (Donath et al., 2023). The
best spectral description of both components could be achieved using a power law

spectral model of the form:
dN E\ "
— =Np- | =— 1

g~ <E0> ’ (61)
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Table 5.1: Best-fit parameters obtained for the likelihood minimisation of H.E.S.S. data.

HESS J1813—178A HESS J1813—178B
r 2.17 £ 0.05g¢at £ 0.035ys 2.36 & 0.09g¢at £ 0.055ys
No [1072em™2571 TeV 1] 3.16 £ 0.18g¢at £ 0.245ys 9.89 + 1.40g¢a¢ £ 1.234ys
R.A. [°] 273.400 + 0.004g¢a¢ £ 0.0015ys  273.61 £ 0.065tat &= 0.07ys
Dec. [°] —17.831 £ 0.004g¢at £ 0.0015ys  —17.39 £ 0.075tat & 0.08ys
on [°] 0.056 = 0.003stat &= 0.0015ys 0.72 4 0.08stat & 0.095ys
e - 0.80 & 0.065¢at & 0.045ys
Ay [°] - 40 =+ Tytar & Bys

where Ny is the flux normalisation factor, I' the spectral index and Ey = 1TeV the
reference energy (Donath et al., 2023).

The best-fit parameters for both source components can be seen in Table 5.1. The
compact component will hereafter be referred to as HESS J1813—178A, while the
extended component will be referred to as HESS J1813—178B. The best-fit parameters
of HESS J1813—178A derived from this study are in agreement with the results pub-
lished in Aharonian et al. (2006¢c). The region before and after the fit can be seen in
Figure 5.2. Additionally shown are the best-fit morphology for the emission around
PSR J1813—1749 in black, and the best-fit morphology of the neighbouring source
HESS J1809—-193 from H.E.S.S. Collaboration (2023) in grey.

To obtain a consistent description of the region, an analysis of Fermi-LAT data, with
increased exposure compared to the study conducted in Araya (2018), has also been
carried out. The Fermi-LAT analysis was conducted using data from the beginning of
the mission in August 2008 until October 2021. The most recent Instrument Response
Functions (IRFs) from Pass 8 version 3 — P8R3_SOURCE_V2 (Ajello et al., 2021) were
used, and other sources in the ROI were described using catalogue models from the
12-year 4FGL source catalogue (Abdollahi et al., 2020).

The import process of the Fermi-LAT data, as well as a first analysis of the region,
has already been presented in Wach (2022) and Aharonian et al. (2024). Therefore,
just like for the H.E.S.S. data, no detailed information is given here. A more in-depth
description of the data and analysis can, however, be found in Appendix B.2.

The analysis presented in the Wach (2022) identified only one extended component,
described with an elongated Gaussian model and a simple power law as spectral model.
This description, however, is not able to account for all observed emission in the FoV,
and the simple power law is not a good fit for the shape of the SED.

To account for the remaining emission, a second, symmetric Gaussian component
is fitted to the data. Because of the spectral shape below 10 GeV, a simple power-
law spectral model cannot describe the observed emission well, so a power law with
exponential cutoff was chosen as spectral model. Minimisation yields a compact
component, positionally coincident with PSR J1813—1749.

The residual Li&Ma (1983) significance map after the application of both models is
shown on the right-hand side of Figure 5.3. In addition to the maps, the SED points
were derived. In each energy bin, a SED point was derived if the model fit in the
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Figure 5.3: Li&Ma (1983) significance maps of the Fermi-LAT data around the position
of 4FGL J1813-1737e in the energy range from 1 GeV to 1 TeV, with a correlation radius
of 0.1°. Left: The position of the Galactic plane is indicated by the dashed line, the
pulsar position is indicated by a blue marker, and 30 and 5o contours are depicted.
Right: Significance map of the region after subtracting the emission using an elongated
Gaussian model and a symmetric Gaussian model. The 10 Gaussian extent of the
models is depicted by the black dashed lines.
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Figure 5.4: SED of the two-component description derived from the analysis of the data
obtained by the Fermi-LAT, and SED points derived in Araya (2018).
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Table 5.2: Best-fit source parameters obtained for the Fermi-LAT data for a model
consisting of an elongated Gaussian model with a power law and a symmetric Gaussian
model with an exponential cutoff power law as a spectral model.

component C 4FGL J1813—1737e
r 0.95 + 0.225¢at 2.17 + 0.095¢at
A [TeV—Y 551.5 & 84.4gtat -
) No o 2 ?ev | B4 25 +3.3gs 2.7 0.641a; £ 0.24y
[10712ecm =257 TeV ]
R.A. [] 273.452 4 0.004stat  273.33 £ 0.055¢a
Dec. [°] ~17.73 + 0.035tat —17.57 + 0.055¢at
o [°] 0.21 = 0.03¢at 0.56 = 0.07stat
e ; 0.78 £ 0.07stat
Ap [°] : 33 4 Setat

respective energy bin shows a significance above 2 o, an SED point is derived, otherwise,
an upper limit is calculated. 4 logarithmically spaced energy bins are used per decade.
The SED are given in Figure 5.4.

Slight differences to the SED points derived in Araya (2018) can be observed. These
can be attributed to the changes in the spectra of the neighbouring sources due to a
switch from the 3FGL to the 4FGL catalogue, the usage of newly computed IRFs from
Pass 8 version 3, and four years of additional data used in this analysis. Because the
shape of the SED does not suggest a possible connection to HESS J1813—178A, this
compact component will be referred to as component C. The best-fit parameters for
4FGL J1813—1737e and component C are given in Table 5.2.

The cutoff of this model was estimated to be 1.81 GeV. Component C improved the
likelihood of the model only with a significance of 3.8 ¢. It does, however, improve both
the amount of remaining emission, as well as the agreement between the spectrum and
the SED points and was therefore not discarded. To detect this second component with
certainty and probe the nature of its emission, events with energies below 1 GeV would
need to be included, and an analysis conducted, which only includes events recorded
during a time in which the pulsar’s beam axis is misaligned with the line of sight of the
telescope.

5.2 Estimation of Systematic uncertainties

The best-fit parameters derived from the model fit are largely influenced by the detector
response, which is described by the IRF's of the respective observations, and the accuracy
of the background estimation. To get an estimate of the influence of uncertainties in the
IRFs on the source parameters, the IRFs were varied within their uncertainties reported
in Aharonian et al. (2006a), and the analysis was repeated. Due to the different detector
response and reconstruction, this estimation was done differently for both detectors.
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H.E.S.S. Data

The IRFs for the H.E.S.S. data reconstruction were obtained by interpolating between
IRF's generated from Monte Carlo simulations covering a grid of observational conditions
(Bernlshr, 2008b). This method cannot describe all variations of observational conditions
in detail, which leads to systematic uncertainties affecting the likelihood minimisation.
In this analysis, three possible sources of uncertainties were considered.

Firstly, a discrepancy between the true and reconstructed pointing positions will
lead to uncertainties in source position estimation. As indicated in Acero et al. (2010),
the uncertainty of the pointing is 20”, estimated using the position of known ~-ray
sources and stars.

Secondly, the reconstruction of the energy of a y-ray strongly depends on the optical
efficiency of the telescopes, influenced by effects such as degradation of the PMTs
or mirrors over time. Additionally, the transparency of the atmosphere, affected by
effects such as the presence of aerosols, strongly influences the accuracy of the energy
reconstruction. A discrepancy in energy reconstruction particularly influences the
estimated spectral parameters of the source.

Thirdly, an important aspect of the data analysis is the correct statistical description
of the inferred background event rate as a function of energy. The background model
used in this analysis was constructed using archival observation runs. The mean obser-
vation conditions, which are reflected in the template, are not necessarily comparable
to the observation conditions under which the data used in this analysis is acquired.
The statistical and systematic uncertainties in the inferred background model will lead
to uncertainty in the prediction of background counts and affect all fit parameters.

The energy threshold of the data has been set by estimating the energy bias of the
stacked dataset and excluding data in energy bins for which the energy bias is greater
than 10%. This threshold is generally assumed as a safe choice within the H.E.S.S.
Collaboration (Unbehaun et al., 2025) and is now assumed as the maximum uncertainty
on the energy reconstruction. To assess the systematic error on the source flux, which
results from this uncertainty, a large number of pseudo-datasets with a shift of the
energy scale o is produced. This shift is randomly drawn from a Gaussian distribution
with a mean of 1 and a standard deviation of 10%.

Another large systematic uncertainty on the source parameters is the estimation of
the background rate. The influence on the source parameters is estimated by introducing
a linear gradient with a direction angle apy, and a gradient amplitude @y, and applying
the gradient to the background model. In addition to the gradient parameters, the
starting value of the amplitude ® and index § of the model is varied by randomly drawing
a value from Gaussian distributions. The standard deviation of these distributions was
chosen such that they represent the maximum deviation between the fit parameters
derived from the fit of the background model template to each observation and the
mean value for the fit parameters for the whole dataset. The mean and deviation of
these distributions are indicated in table 5.3.

Then, the shift, corresponding to the randomly drawn factor, was applied to the
IRFs of the dataset, and the background gradient was introduced. The best-fit model
was applied to the dataset, and a likelihood minimisation for these pseudo-datasets was
performed. This process was repeated 500 times.
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Table 5.3: Parameter distribution used for the computation of the systematic errors.

parameter  distribution variation
oF Gaussian p=10=0.1
P Gaussian pu=1,0 =0.05
) Gaussian ¢ =0,0 =0.05
Qg uniform 0° — 360°
Dprg Gaussian pu=1,0 =0.01
100 - 1 — 1 =2.362,0=0.053
2 2.394 +£0.085
? 80
©
w 601
o
3 40-
£
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Figure 5.5: Distribution of the best-fit values of the spectral index for HESS J1813—178B.
A Gaussian fit to the data is indicated in red. The orange dashed line corresponds to
the fit value derived in the analysis of the original dataset, the orange band indicates
the statistical error.

An example of the resulting distribution for the spectral index of HESS J1813—178B
can be seen in Figure 5.5. The statistical error derived from the fit of the model to the
real dataset is indicated by the orange band and the orange dashed line represents the
best-fit value derived in the analysis of the original dataset. The standard deviation
from a fit of a Gaussian model to this parameter distribution represents the systematic
error derived by this method.

In addition to the systematic error derived through this method, the pointing
uncertainty of 20” is added in quadrature for the position of both sources. The
systematic errors estimated through this method are presented in Table 5.1.

Fermi-LAT

The most important systematic uncertainty on the system response of the Fermi-LAT is
the uncertainty on the effective area. In the energy range of this analysis, the uncertainty
is of the order of 3% (LAT Collaboration, 2019). In order to propagate this uncertainty
to the derived source flux, a dataset has been created where the effective area has been
scaled up and down by 3%. The analysis has then been repeated using these datasets.
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The errors estimated from this method are 4.2 % for 4FGL J1813—1737e and 66.3 % for
component C.

In order to estimate the error introduced by the background estimation, the residual
flux inside a region corresponding to the source region, at an empty position in the
ROI, has been calculated. The systematic uncertainty on the number of measured
counts can then be derived by dividing the total amount of residual counts by the
total amount of background in the shifted region and then multiplying by the total
amount of background counts in the original source region. The number of counts per
bin is then scaled up and down for the whole ROI, and the likelihood minimisation is
repeated. This process was repeated for ten different regions. The estimation yields a
systematic uncertainty of 2.1 % for 4FGL J1813—1737e and 13.3 % for component C.
Both errors were added in quadrature to derive the total systematic uncertainty on the
source parameters and can be found in Table 5.2.

5.3 Energy-dependent Morphology

The spatial association of the y-ray emission with PSR J1813—1749 and an X-ray PWN
detected by the INTEGRAL satellite, XMM-Newton, and Chandra (Ubertini et al.,
2005; Funk et al., 2007; Helfand et al., 2007), suggests that a leptonic origin of the
emission is plausible. Previous analyses of evolved PWNe suggest an energy-dependent
morphology caused by electron diffusion and cooling (H.E.S.S. Collaboration, 2019;
MAGIC Collaboration, 2020; Principe et al., 2020). To test for energy dependence of
the extended emission, the data observed with H.E.S.S. was divided into three energy
ranges (H1 - H3, specified in table 5.4), and the source models for HESS J1813—178A
and HESS J1813—178B were fitted in each range. The Fermi-LAT data was divided
into six energy ranges (F1 - F6, also specified in table 5.4), and the source model for
4FGL J1813—1737e was refitted in each range. The spacing of these energy ranges
was chosen to account for the small amount of statistics in the H.E.S.S. data and the
high-energy range in the Fermi-LAT data and ensure that the fitted source model is
still significant. While F1 - F6 each span 3 energy bins, F6 spans 11 energy bins. The
H.E.S.S. data was divided such that H1 and H2 contain five energy bins of the dataset,
while H3 spans 10 energy bins.

Table 5.4 shows the extension along the semi-major axis, as well as the eccentricity
of the ellipse describing the emission in each energy bin and the distance of the centre
of the spatial model to the pulsar. In Figure 5.6, the dependence of the 1 ¢ containment
area of the ellipse and the offset to the centre of the fitted model from the pulsar
position as a function of the energy is depicted. The area of the ellipse is defined as
A=mo2\/(1—e?).

The extension of the emission is compatible within errors in the overlapping energy
ranges of the Fermi-LAT and H.E.S.S. data. There is no significant indication for
energy-dependence of the best-fit containment area of the emission. This study does,
however, reveal that the distance between the pulsar and the centre of the emission
increases with increasing energy. The increased offset of the best-fit position towards
higher energies, visualised in Figure 5.6, may indicate that the particle transport occurs
preferentially towards a single direction before spreading out more isotropically as the
particles lose energy and cool. Alternatively, this could indicate that a second faint
source is present in the region.
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Table 5.4: Best-fit parameters for the morphology of HESS J1813—178B in different
energy bands, for both Fermi-LAT (F1 - F6) and H.E.S.S. datasets (H1 large - H3
large). An elongated Gaussian model was assumed in all cases, and the 1o statistical
uncertainties are given. Additionally, the best-fit values for the symmetrical Gaussian
were used to account for the emission from HESS J1813—178A (H1 small - H3 small).

Energy [GeV] RA [°] Dec [°] oum [°] e
F1 1.0 — 2.0 273.46 £ 0.02 —17.67 +£0.02 0.39+0.04 0.81£0.05
F2 2.0 - 4.0 273.48 £ 0.03 —17.69 £0.03 0.42£0.04 0.85+£0.04
F3 4.0 — 7.5 273.38 £ 0.04 —17.66 £ 0.06 0.39£0.08 0.87+£0.07
F4 7.5 — 18 273.26 +0.09 —17.52+0.12 0.53£0.11 0.75+£0.19
F5 18 — 58 273.17+0.10 —17.77 £ 0.08 0.57+0.16 0.77+£0.21
Fo6 58 — 1.0 x 103 273.22 +0.20 —17.75+0.13 0.71£0.19 0.92+0.08

H1small (0.4 — 1.3) x 103 | 273.393 +£0.005 —17.832+0.005 0.054 + 0.004 ——
H2 small (1.3 — 5.7) x 103 | 273.397 £ 0.006 —17.834+0.007 0.064 + 0.005 ——
H3 small (5.7 — 100) x 103 | 273.408 £0.009 —17.81740.009 0.035 + 0.006 ——

H1 large (0.4 — 1.3) x 103 273.61 £0.08 —17.48 £0.09 0.87+0.12 0.88+0.04
H2 large (1.3 — 5.7) x 103 273.41 £ 0.09 —17.42£0.11 0.48£0.09 0.48+0.38
H3 large (5.7 — 100) x 10% | 273.65+0.11 —17.18 £0.10 0.41£0.09 0.00+£0.02
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Figure 5.6: Best-fit angular offset and area of the ellipse of HESS J1813—178A and

HESS J1813—178B with 10 uncertainties, as well as 4FGL J1813—1737e data in
independent energy bins (see Table 5.4) H1 - H3 and F1 - F6.
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5.4 Joint model fit

A consistent description of the ROI through the GeV-TeV range can be reached with a
joint likelihood minimization of the Fermi-LAT and H.E.S.S. data. Following the results
derived in the analysis of the respective datasets, three source models were used to
describe the data across the five decades of energy. First, a symmetric Gaussian model,
as well as an elongated Gaussian model was added to both datasets. A logarithmic
parabola model was used for the spectral description:
—I'—Blog( £

N _ <E> (%) | .

dE Eo

where 3 is the curvature, as well as a power law with a generalised exponential cutoff.
Based on the results derived from the analysis of the H.E.S.S. data, these models will be
referred to as components A and B, respectively. Additionally, a symmetric Gaussian
model with an exponential cutoff power-law spectral model was added only to the
Fermi-LAT data. The exponential cutoff power-law model is described by:

dN E\ "
— =Ng- | =— : —\E 63
&N () eoean. (63)
with A, the inverse of the cutoff energy. This model component corresponds to component
C, which was found in the analysis of the Fermi-LAT data. The likelihood minimisation
was then performed on both datasets at the same time.

Table 5.5: Best-fit parameters derived in the joint analysis of the H.E.S.S. and Fermi-
LAT data.

comp. A comp. B comp. C
r 2.05+0.03 2.17+0.03 —0.12 £ 0.02
I’ 0.0620 £ 0.003  0.0437 4+ 0.008 -
@ - - 0.66 4+ 0.01
A [103 - TeV™! - - 3.93 £ 0.20
No at 1 TeV [1072cm 257! TeV 1] 3.16 £0.14 6.47+0.43 9.89 +1.64
RA [°] 273.400 £0.003  273.39+£0.03  273.48 £0.02
Dec [°] —17.8324+0.003 —17.504+0.04 —17.67+0.02
om [°] 0.056 + 0.003 0.54 +£0.03 0.29 +0.02
e - 0.734+0.04 -
Ap [°] - 3347 -

The best-fit parameters are shown in Table 5.5. Figure 5.7 depicts the spectra and
SED of the best-fit models, together with the sensitivity of the Fermi-LAT for 12 years
of exposure in blue. The curve shows the broadband sensitivity for sources located in
the Galactic plane (Ajello et al., 2021).

While the best-fit parameters of the models were estimated using the data from both
datasets at the same time, the flux points were computed in the respective datasets.
This results in an energy range where both the H.E.S.S. and Fermi-LAT data show
significant flux or upper limits. If the spectrum of component A does not change
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Figure 5.7: SED from a joint-analysis of the combined H.E.S.S. and Fermi-LAT data.
The 12 year sensitivity of the Fermi-LAT is indicated by the blue line.

drastically at the lower energies, measuring it in the Fermi-LAT data would not be
possible as components A and C are positionally coincident and the detector sensitivity
is insufficient. Together, these three different source models describe the emission of
the ROI well.

The advantage of this joint model becomes evident in the GeV energy regime.
The spatial separation between 4FGL J1813—1737e and the compact emission compo-
nent detected in the Fermi-LAT data is complicated, but using the assumption that
4FGL J1813—1737e and HESS J1813—178B have the same origin, the influence of the
second component on the model parameters can be reduced. This becomes evident when
comparing the flux from 4FGL J1813—1737e around 1 GeV, which has been reduced by
a factor of two in the joint model with the emission being attributed to component C.

5.5 Spectral modelling of the emission

The above-presented analysis could resolve the previously observed discrepancy in the
extension of the y-ray emission observed by IACTs and Fermi-LAT. The question about
the origin of the emission, however, still remains. In order to employ the results presented
above to investigate whether the y-ray emission results from the SNR G012.8-00., the
young pulsar PSR J1813—1749, or even interactions of the star-forming region W33, the
expected v-ray spectrum for two emission scenarios was computed and fitted to the data.

In the first scenario, a magnetised wind of charged particles, primarily electrons and
positrons, originating from PSR J1813—1749, forms a PWN. The diffuse «-ray emission
produced by these electrons is typically observed around middle-aged pulsars, and one
can distinguish between a majority of the particles still confined in the PWN and one
where most particles have escaped into the ISM (Giacinti et al., 2020).

This leptonic emission scenario has been favoured in previous analyses of the X-ray
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Figure 5.8: Zoom-in on a Li&Ma (1983) significance map with a correlation radius
of 0.06° of the region around PSR, J1813—1749 as seen with H.E.S.S.. The best-fit
morphology of HESS J1813—178A and HESS J1813—178B are indicated by the white
lines, the black contours depict SNR G012.8-00.0 and CL J1813—178 as observed by
VLA. The position of PSR J1813—1749 is indicated in blue.

and TeV emission (Ubertini et al., 2005; Funk et al., 2007). In systems older than 10 kyr,
the electrons can escape the confines of the PWNe and diffuse through the ISM, which
would result in large extended «-ray emission, with a more confined X-ray counterpart.
For the system around PSR J1813—1749 to be in this state would, however, be rather
unusual, since the characteristic age of the pulsar is only 5600 years. It should, however,
be noted that the system does not evolve in a typical environment since it is located
in the vicinity of the active star-forming region W33, and the pulsar itself is highly
energetic.

The positioning and distance between the different objects in the region can be
seen in Figure 5.8. The Figure shows a Li&Ma (1983) significance map of the H.E.S.S.
data, overlayed with contours derived from VLA data. The Figure is centred on the
SNR G12.82 — 0.02, which is positionally coincident with the pulsar PSR J1813—1749
and believed to be the pulsar’s host SNR (see Figure 5.8). The best-fit position and
extension of HESS J1813—178A are shown in white. Towards the bottom left, the stellar
cluster C1J1813-178, which is part of the star-forming region W33, becomes visible.

Another possible origin of the extended emission are cosmic ray nuclei which are
accelerated at shock fronts and since then have escaped from their accelerator. A
possible candidate for such an acceleration site is SNR G12.82 — 0.02. After acceleration
and propagation, the cosmic ray nuclei may interact within dense molecular clouds in
the region, producing high-energy ~ rays. This emission scenario has been favoured in
an analysis of nine years of Fermi-LAT data, performed by Araya (2018), who suggested
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Table 5.6: The assumed properties of PSR J1813—1749 following newest estimates from
Camilo et al. (2021). For the braking index and break energy canonical values are
assumed.

Parameter Value
Distance, d 6.2 kpc
spin-down power, E 5.6 x 1037 erg/s
spin period, P 44.7-1073s
change in spin period, P | 1.27 x 10713 /s
characteristic age 7, 5.585 kyr
Braking index, n 3.0
Break energy, Ey, 100 GeV

the stellar cluster C1J1813-178 as a possible origin. This scenario is, however, also
not able to fully explain the extent of the observed ~-ray emission, since it exceeds
the extension of the star-forming region, and therefore an unknown component of star
formation would be necessary.

Leptonic scenario

To describe the «-ray emission in the region using a time-dependent model of electrons
originating from PSR J1813—1749, the GAMERA package (Hahn, 2015) was used.
Additionally to the SED derived in the joint analysis, measurements of the region
in the 20 — 100 keV band, showing an unresolved hard X-ray source observed by the
INTEGRAL satellite (Ubertini et al., 2005), XMM-Newton (Funk et al., 2007) (with
an extraction region of 75”), and Chandra (Helfand et al., 2007, with an elliptical
extraction region of 6” x 8”) were used.

The SED used for this model was not derived using the same spatial extent. While
one possible solution for this discrepancy would be to scale the observed flux for the
different observation regions, this would require the assumption that a linear scaling
can be applied. Additionally, X-ray emission generally traces higher energy electrons,
and hence younger electrons, than the TeV emission.

To account for these differences, three electron ‘generations’ were defined, following
a procedure outlined also in H.E.S.S. Collaboration (2023). The first electron genera-
tion, the relic electrons, have been injected since the birth of the pulsar and are now
detected as extended high-energy ~-ray emission. The second electron generation, the
middle-aged electrons, were injected since t. = tiue * tpwnN, With fyue the age of the
system, and are now detected as PWN around PSR J1813—1749. The third electron
generation, the young electrons injected since t, = ttrye * tx-ray are responsible for the
X-ray synchrotron emission in the vicinity of the pulsar.

For this model, an electron injection spectrum following a power law with a spec-
tral index of «, a break energy of Fj and a cutoff Egy:

N(E.) = (1 + g)a - exp Gi) : (64)




where E. the electron energy, was used.

The distance to the pulsar, as well as pulsar-specific parameters, such as spin-down
period P, change in spin period P, and spin-down power E were taken from Camilo et al.
(2021). All assumed properties of the pulsar used for this model are given in Table 5.6.

The injection index «, the birth period Py, and the conversion fraction of the spin-
down luminosity to electrons ¥, as well as the magnetic field present at the time of the
observation of the v-ray emission By, and the age of the electron populations were
free parameters of the model. The spin-down power of the pulsar was assumed to evolve
in time with:

. £\ 2
E=Eg <1 + > , (65)
70
with 79 = Po/(2 Po), the spin-down time at the birth of the pulsar and Ey the initial
spin-down energy loss rate at birth of the pulsar. Similarly the pulsar period was

0.5
assumed to evolve as P(t) = Py (1 + i) , with Pg the birth period of the pulsar and

70

0.5\ !
the magnetic field as B(t) = By <1 + (%) ) (Gaensler and Slane, 2006; Venter
and de Jager, 2007) with By the magnetic field at birth of the pulsar. The spin-down

luminosity is defined as:

N
L:L0-0-<1+> , (66)
to

with the initial spin down luminosity Lo = E - (1 + (tirue/t0))? and to = P3/(2PP).

Since the time at which the escape of the particles from the PWN first occurs is
unknown, this modelling approach assumes that the particles have been able to escape
instantly and therefore, the relic electrons have been injected since the birth of the
pulsar. An additional caveat of this model is that while this model is time-dependent
and cooling losses of electrons were taken into account, no spatial dependence or spatial
evolution was added. The fit of the different electron generations was performed only
on the SED.

The free parameters of the model were fitted to the observation data from the X-ray
satellites, as well as the SEDs derived in the joint-analysis from components A and B.
For optimisation, the package EMCEE (Foreman-Mackey et al., 2013), which applies a
Markov chain Monte Carlo (MCMC) method, was used.

The optimised model is shown in Figure 5.9, while the parameter space that yields
the highest numerical probability (16 — 84% range of the probability distribution)
for the MCMC method is listed in Table 5.7. The corner plot showing the posterior
distributions and parameter correlations for the MCMC modeling of the leptonic particle
population is shown in the Appendix in Figure B.2. The diagonal panels display the
one-dimensional distributions for each parameter, while the off-diagonal panels illustrate
the two-dimensional correlations between the respective parameter pairs.

This morphology-independent model can account well for the observed emission. In
addition to the SED points from X-ray and ~-ray observations, data from the Very
Large Array in the 20 cm and 90 cm band is shown (Brogan et al., 2005). This data
on SNR G12.82-0.02 is only shown for comparison and was not included in the modelling.

The observed X-ray data in the vicinity of PSR J1813—1749 can be well explained by
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Figure 5.9: SED derived in this analysis, as well as X-ray SED by XMM-Newton (Funk
et al., 2007), Chandra (Helfand et al., 2007), and INTEGRAL (Ubertini et al., 2005),
and the SED derived in the analysis of VLA data (Brogan et al., 2005), compared
to the SED curves expected from the leptonic model obtained with GAMERA. Top:
Full energy range. Bottom: Comparison between the v ray flux estimated from the
leptonic model from 0 — 1.6 kyrs and the last 2.5 kyrs and the emission observed from
HESS J1813—178B and HESS J1813—178A, respectively. The shaded grey error bands
indicate the possible parameter space, given in Table 5.7.
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Table 5.7: Validity range of the parameters used in the evolution of the leptonic model.
The parameter combination presented here should be interpreted as a range of possible
combinations, not best-fit values.

Parameter Validity range
Bhow [11.36 — 13.18] uG
Py [20.19 — 22.97 | ms
9 [0.15 — 0.17]
o [2.35 — 2.40]
Atx_ray [0.88 — 0.91]
AtpwN [0.35 — 0.39]

young electrons that were produced only in the last 0.4 kyr, the electrons of the third
generation. The electrons produced in the last 2.7kyr, the second generation, were
observed by H.E.S.S. as compact emissions around the pulsar. Taking into account the
low statistics at high energies, the population of relic electrons from the first generation,
released from the birth of the pulsar up to an age of 1.6 kyrs, can describe the extended
emission from HESS J1813—178B reasonably well but fails to describe the emission
from component C. To describe this emission in a leptonic scenario, a second electron
population and an unreasonably high photon density, only experienced by the second
electron generation, would need to be introduced.

Using the parameters of the model, the true age of the system was estimated,
following Gaensler and Slane (2006):

U

with n the braking index of the pulsar. For the validity range of parameters in this
analysis, the true age of the system was estimated to be ~ 4.7 kyrs.

With this information, together with an estimation of the extension of 4FGL J1813—1737e
and HESS J1813—178B in different energy bands, an estimation of the diffusion coeffi-
cient and diffusion index can be made by comparing the observed angular size to that
expected for the relic electron population at different vy-ray energies. In order to estimate
a diffusion coefficient, radial symmetric diffusion was assumed. To get an estimation
of the radial symmetric extent of the emission from HESS J1813—178B, a symmetric
Gaussian model was fitted to the emission in the energy bands defined in Table 5.4.
This derived extension, as well as the age of the system, derived using Equation (67),
were then used to estimate the distance which the relic electrons have diffused since
they were injected, with the expected angular size calculated as rgig = /2tage - D, with
D the diffusion coefficient. The diffusion coefficient was derived using the electron
energy E., the diffusion index ¢ and the diffusion coefficient Dg at the reference energy

of 1 TeV:
E é
D=D ° . 68
0(1Ge ) (68)

Using this method, the diffusion coefficient is estimated to be Dy = (6.98 & 0.69) x
1028 cm? /s with a diffusion index 6 = (0.30 + 0.06). The estimated radius as a function
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Figure 5.10: The measured extension of HESS J1813—178B in continuous energy bands
is shown in red. The figure also shows the expected 1 ¢ containment radius for different
diffusion coefficients.

of y-ray energy, as well as the measurement, can be seen in Figure 5.10. The estimated
diffusion index is comparable with Kolmogorov turbulence (§ = 0.33, (Kolmogorov,
1991)), which is the canonical diffusion index typically assumed for PWNe. The best-fit
diffusion coefficient is comparable with the diffusion coefficient estimated for the ISM
(Strong and Moskalenko, 1998).

To compare the results to the population of known pulsars, the energy density of
both HESS J1813—178A and HESS J1813—178B in the TeV energy range was esti-
mated, following the scheme in Giacinti et al. (2020). The energy density of the electrons

inj

was estimated using e, = EV , or using the properties of the pulsar:

Er,
e - bl 69
@ = (69)

with E the present-day spin-down power and 7. the present-day characteristic age. Since
the emission is best described by an elongated gaussian model, the Volume is calculated
as V = 4m(R?-Ry)/3, with Ry the semi-major axis of the ellipse and Ry the semi-minor
axis.

The energy density using the total TeV ~-ray luminosity was estimated by integrating
over the electron population inferred by the best-fit model. This study finds a total
injection energy of Eip; =3.62-10" erg. The derived electron densities are given in
Table 5.8. The energy density calculated from the 7-ray luminosity is lower than
that estimated from the properties of the pulsar. This effect was already observed
by Giacinti et al. (2020), a possible reason could be that only the estimation using
the y-ray luminosity takes the evolution into account, while the estimation using the
current pulsar properties cannot sufficiently describe this evolution. The energy density
calculated for HESS J1813—178A is compatible with the energy densities estimated for
other PWNe, while the energy density of HESS J1813—178B is close to 0.1eV /cm? and,
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Table 5.8: Estimated electron density following Equation ((69)).

€e [eV/cm?) HESS J1813—178A HESS J1813—178B
estimated from E 65.29 4+ 4.49 0.11 £+ 0.02
estimated from L, 23.95 + 1.64 0.04 £+ 0.01

therefore comparable to the values estimated for pulsar halos (Giacinti et al., 2020).

Hadronic origin

Due to the positional coincidence of the emission and the SNRs G012.8-00.0 and
G012.7-00.0 or the star-forming region W33, there is also the possibility that the
observed emission is a superposition of y-ray emission produced by different sources
that overlap along the line of sight. While there is no information available for SNR
G012.7-00.0, the distance to PSR J1813—1749 and SNR G012.8-00.0 is estimated to be
6.2 — 12kpc (Camilo et al., 2021), while the stellar cluster is expected to be located at
a much smaller distance of 4.8 kpc (Messineo et al., 2011). It is therefore possible that
the emission observed as HESS J1813—178A is a PWN powered by PSR J1813—1749,
while the extended emission observed in the Fermi-LAT and H.E.S.S. data is caused
by protons accelerated at the SNR shock front or the stellar cluster and only spatially
overlaps with the PWN along the line of sight.

In order to produce high energy ~ rays via hadronic interactions, target material
is necessary. Using the molecular cloud catalogues provided in Rice et al. (2016) and
Miville-Deschénes et al. (2017), three molecular clouds, positionally coincident with the
best-fit position of the emission from HESS J1813—178B were identified. Their location
compared to the emission observed in the analysis of the Fermi-LAT data can be seen
in Figure 5.11. In order to investigate the feasibility of this scenario as the origin of
the emission observed from 4FGL J1813—1737e¢ and HESS J1813—178, a proton and
electron population, accelerated at the shock front of the SNR, were evolved over time.
Following Diesing and Caprioli (2019), the protons were injected with:

fp) = Np-E 7 -exp (E_E ) - exp (—Egn> , (70)

where N, is the normalisation factor, £ is the energy of the injected particles, Eyin = my,
the rest mass of the proton, Eyax is assumed to be 1 PeV, and «, is the spectral index
of the injected protons. The injection spectrum of the electrons was defined as:

E Emin
. — 71
EmaX> P ( E > 7 ( )

with Ao the difference between the injection index of the electrons and protons, ke,
the electron-to-proton ratio, and Fi, = 100m., with the electron rest mass, as well
as Fnax = 1TeV. This particle population is evolved in an environment with the
ambient magnetic field Byoy and a particle density d, for simplicity, neglecting any time
dependence in the magnetic field. We assume a particle density of d = 60 cm™2, which
corresponds to the density of one of the molecular clouds in the region (see figure 5.11).

felp) = Np-kep-E<%+Aa>-exp(
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Figure 5.11: Li&Ma (1983) significance map computed from the H.E.S.S data with a
correlation radius of 0.06°. The estimated position and density of molecular clouds
in the region are indicated by the dashed lines. Additionally, the morphologies of the
best-fit models derived from the analyses of the respective datasets and the joint-fit are
indicated. Only clouds with a distance between 4 kpc and 12kpc and a large positional
overlap with the extended emission observed in Fermi-LAT and H.E.S.S. are depicted
in the counts map.

This particle population was evolved with time following the approach in Section
5.5, using an MCMC-Chain. The fit parameters of the model, as well as the adjusted
parameter range, can be seen in table 5.9. The corner plot visulising the posterior
distributions of the model parameters can be seen in the Appendix in Figure B.3. A
comparison of the leptonic model derived in Section 5.5 and the hadronic model can be
seen in Figure 5.12, while Figure B.4 shows the comparison of both models with the
SED derived in this analysis, as well as the spectra derived from the emission observed
in HAWC (Albert et al., 2020) and LHAASO (Cao et al., 2023a).

Both models exhibit good agreement with the SED points from component B
derived from the joint-model, while only the leptonic model shows good agreement
with the spectrum of ILHAASO J1814—1719u* measured by KM2A. The spectrum of
3HWC J1813—174 does not show good agreement with either model.

In addition to the discrepancy with the spectra derived by HAWC and LHAASO,
the hadronic model has further caveats. The estimated distance between the molecular
cloud at 4.6 kpc and the SNR at 6.2 — 12kpc are not compatible, and the location of
the molecular cloud can account for the emission observed in the GeV energy range
but not the extension of the TeV emission. Assuming a particle density of d = 1cm™3,
corresponding to ISM level, however, results in the need for a very powerful SNR with
the energy of the protons required to be log;y(E,/erg) = [51.2 — 51.7], to describe the
emission well. Since there is no evidence supporting this scenario, an origin of the
observed emission only from acceleration of cosmic rays on the SNR seems unlikely.
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Figure 5.12: Estimated «-ray flux for the hadronic model compared to the y-ray flux
expected for the leptonic model computed in Section 5.5. The deviation of the SED
points to the respective model curves are shown in the bottom panel.

While such a high energy output seems unlikely in the case of only one object,
collective effects of a population of young stars in the stellar cluster CL J1813—178
(located at a distance of 4.8 kpc Messineo et al. (2011)) could account for the required
energy. For example, for a kinetic luminosity of 3 x 1038 erg/s and an age of 3-10 Myr,
as may be typical for a young, massive stellar cluster, the available total energy budget
is logo(Ep/erg) = [52.5 — 53] (Morlino et al., 2021b). Acceleration of protons in the
stellar cluster remains, therefore a valid possible origin for the observed extended ~-ray
emission, a detailed examination is, however, beyond the scope of this work.

Table 5.9: The validity range of the free parameters of the hadronic model.

ap [2.01 — 2.08]
log,o(Ep) | [48.49 — 49.65] log (erg)
Aa —[0.15 — 0.27]
kep —[1.72 — 6.05]
Buow (73 — 271] uG

5.6 Discussion

In previous analyses of the region around PSR J1813—1749 the analysis of H.E.S.S.
data revealed compact emission with an extension of 0.06° around the pulsar (Aha-
ronian et al., 2006¢), while the analysis of Fermi-LAT data, as well as data acquired
by HAWC and LHAASO showed largely extended emission. With these results, no
connection between the Fermi-LAT source 4FGL J1813—1737e and the H.E.S.S. source
HESS J1813—178 could be established. In the master’s thesis Wach (2022), the data

105



was analysed using an improved reconstruction for the TeV data and increased exposure
in the GeV energy range.

This resulted in the detection HESS J1813—178A, a bright, TeV ~-ray source, centred
at the position of the PSR J1813—1749, with an extension of 0.06°. The results derived
for this emission component are consistent with the results derived in H.E.S.S. Col-
laboration (2018b). And also the detection of a fainter, previously undetected ~-ray
structure, with an extension of 0.7° enclosing the pulsar and HESS J1813—178A, which
was referred to as HESS J1813—178B.

In the GeV energy range observed with Fermi-LAT, this work finds «-ray emission
with an extension of 0.4°, positionally coincident with the extended emission observed
in the H.E.S.S. dataset. Additionally, compact emission positionally coincident with
the pulsar was observed. This emission has already been reported by Araya (2018) but
was not significant. While this work also cannot claim a significant detection, adding
component C improves the region’s description by 3.8 o.

By combining the datasets in a joint analysis this work finds that the extended
emission detected in the H.E.S.S. and Fermi-LAT data can be connected and described
by a single source model, while the emission from HESS J1813—178A can only be
observed in the H.E.S.S. data, since the emission drops below the sensitivity of the
detector in the Fermi-LAT energy range. This work can, therefore establish a consistent
description of the region over five decades of energy and conclude that the emission
observed by Fermi-LAT and H.E.S.S. have the same origin.

Araya (2018) concluded that the emission was most likely of hadronic origin due
to the spectral shape. While Araya (2018) only took 7 rays in the GeV energy range
into account, in this work, a combined model of GeV and TeV photons was used, as
well as X-ray data included. A physical model was computed that can describe the
observed v-ray emission by evolving an electron population, or alternatively a proton
population, over time. This work finds that the leptonic emission scenario describes
the combined data well, while acceleration at the SNR shock front seems less justified
since the present target material cannot explain the observed extension of the TeV
emission. The energetics necessary to produce the observed ~-ray emission could also
be explained by the acceleration of protons inside the stellar cluster but has not been
further investigated in this study.

This work finds that the data from HESS J1813—178A, as well as HESS J1813—178B,
can be described well by y-ray emission from synchrotron and IC emission of electrons
originating from the pulsar. This indicates that HESS J1813—178A, is likely a PWN,
while the extended emission is possibly caused by electrons and positrons escaping the
confines of the PWN and diffusing into the ISM. The effect of constructing a model that
considers only time dependence but not spatial dependence leads to an overprediction
in the keV energy range.

Since the measurement of the flux observed by INTEGRAL and XMM-Newton only
includes a small area (with an extension of less than 80”), while the measurement of the
flux from HESS J1813—178B was conducted in an area of ~ 0.5°, we can assume that a
low surface brightness, as well as the limitations of the detectors cause the difference
between predicted flux and measured flux in the X-ray energy range.

Diffuse leptonic emission around a pulsar is usually only observed in systems older
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than ~ 10kyr (Giacinti et al., 2020). The true age estimated in this study, as well as
previous observations of PSR J1813—1749 (Dzib and Rodriguez, 2021), indicate that
the system is younger than 5 kyrs, but it is not implausible that environmental factors,
such as the local ISM density distribution or the pulsar proper motion, might lead to
particles diffusing outwards faster than in previously observed systems.

The estimated diffusion coeflicient for HESS J1813—178B is within the expected
range of diffusion in the ISM (Strong and Moskalenko, 1998) and comparable to the
diffusion coeflicient estimated for the y-ray emission observed around PSR B1823—13,
the pulsar powering the highly extended PWN HESS J1825—137 (H.E.S.S. Collabo-
ration, 2019). Assuming the same diffusion coefficient for HESS J1813—178A, would
lead to an extension far bigger than the observed emission, implying that the diffusion
coefficient is non-uniform, which is expected for a pulsar environment. Additionally,
the energy density estimated for the extended emission is comparable to the densities
estimated for the halos observed around the evolved systems around PSR J0633+1746
and PSR B0656+14 (Giacinti et al., 2020). While the diffusion coefficient in a TeV halo
is expected to be below the diffusion observed in the ISM, the low energy density and
lack of other accelerators in the area suggest that the system around PSR J1813—1749
shows characteristics of an older, evolved system despite its young age. Although it
would be unusual to note electron escape from young PWNe, this may occur if the
system becomes disrupted at an early stage, such as due to an early return of the
supernova reverse shock preferentially from one direction. Such a disruption is, for
example, thought to have occurred for HESS J1825—137 (H.E.S.S. Collaboration, 2019).

This study also investigates the possibility of a hadronic origin of the emission by
evolving a proton population originating from SNR G012.8-00.0. In order to estimate
the statistical description of both models, the absolute chi-squared (x?) goodness-of-fit
was estimated using the SED points of component B derived in the joint-fit. This study
finds Xﬁad = 18.56 for the hadronic model and X12ep = 30.62 for the leptonic model.
The hadronic model is therefore preferred at a 3.470 level. Whilst the hadronic model
yields a marginally better statistical description for the emission, the target material
identified in the region is not sufficient to account for the extent of the detected ~y-ray
emission and target material with a density of the level of the ISM would require an
unreasonably high proton energy to explain the detected y-ray flux.

For the data below 10 GeV, observed as component C, no evidence can be found that
convincingly points towards either a leptonic or hadronic origin. A hadronic scenario
cannot be supported since no association with a nearby interstellar cloud or target
material can be made. A leptonic scenario would imply the existence of a second
electron population or an unreasonably high particle density, which is only experienced
by this second electron population. Another possible leptonic scenario might be a pulsar
origin, which may alternatively account for the emission component, but this study
cannot find convincing evidence for such an explanation. For a firm identification of the
soft y-ray emission as originating from the pulsar, a dedicated study of the emission at
lower energies needs to be performed.

To further add to the understanding about this source, more observations at high-

energy -y rays are necessary, especially the addition of further data taken by HAWC or
LHAASO into the joint-fit and the addition of further data taken by Fermi-LAT will

107



be of great value in constraining the possible origin of the different components.
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6 The third Musketeer PSR B1055—-52

The analysis of the region around PSR J1813—1749 has shown the importance of a
correct background estimation for the reconstruction of the morphology of extended
~-ray structures. Whilst the nebula around PSR J1813—1749 shows a quite unexpected
extension, all of the emission is still contained in the FoV of the detector, and the
background could be estimated from regions within the observations.

For systems older than 100 kyrs, the pulsar has typically left its parent SNR, and
electrons of the pulsar wind can escape into the ISM, resulting in the formation of a
pulsar halo. This structure is expected to be substantially more extended than the PWN
and can potentially fill a region larger than the FoV of TACTs. Two such pulsar halos
were detected around the Geminga Pulsar (PSR J0633+1746) and the Monogem Pulsar
(PSR B0656+14) (Abdo et al., 2009b). Both are middle aged pulsars (7. = 342kyr and
7. = 110kyr respectively) and have similar spin-down energies (E =32-10% ergs™!
and F = 3.8-10% ergs~!), and a similar magnetic field strength at the light cylinder
(BLc = 1.15- 103 G and B¢ = 0.77- 103 G).

A third pulsar with similar properties, PSR B1055—52 (or PSR J1057—5226), was
detected in 1972 in radio energies by the Molonglo Radio Observatory (Vaughan and
Large, 1972). Pulsed emission has since been detected in soft X-ray using ROSAT
(Oegelman and Finley, 1993) and in v-ray energies, by the Compton Gamma-ray
Observatory in 1993 (Fierro et al., 1993). The pulsar is estimated to have a spin-down
luminosity of E = 3.0 - 1034 erg/s, and a magnetic field strength of B = 1.1 - 102G
(Jankowski et al., 2018). From the observed spin frequency and its derivative, a
characteristic age of 7. = 535 kyr can be inferred. The placement of the pulsar in the
P — P diagram can be seen in Figure 6.1.

Aside from showing similar spin-down energy loss rates and magnetic fields, Geminga,
Monogem, and PSR B1055—52 share another important characteristic: thermal X-ray
emission can be detected from all three pulsars. This thermal emission results from
the cooling of the neutron star and is difficult to observe in younger pulsars since their
spectrum is dominated by interactions of relativistic particles in the pulsar wind. For
very old pulsars, the surface has cooled significantly, and the thermal emission becomes
very weak and hard to detect. This prominent thermal component of their spectrum, as
well as overall common properties, has earned them the nickname the ‘three musketeers’
(Becker and Truemper, 1997).

Due to these similarities, it is plausible to assume that the evolution of the environ-
ment around these pulsars should be similar. While all three pulsars are established as
~-ray pulsars (Smith et al., 2023a), until now, an extended ~-ray halo was only detected
in the region around Geminga and Monogem. This detection was made by the WCD
array MILAGRO (Abdo et al., 2009b) and later confirmed by HAWC (Abeysekara et al.,
2017b). A detection of this halo with IACTs has proven to be complicated (Akerlof
et al., 1993; Aharonian et al., 1999) due to the large extent of the emission, which
leaves no emission-free region for the background estimation. Using a classical ON-OFF
background estimation (for more information see Chapter 3.1), H.E.S.S. Collaboration
et al. (2023) was able to obtain a detection, a morphological study or estimation of the
flux of the whole emission region was however still not possible.

The detection of a TeV halo around PSR B1055—52 could also help to explain
the observation of an unexpected excess of positrons at energies between 10 GeV and
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Figure 6.1: P — P diagram of the pulsars listed in the ATNF catalogue (Manchester
et al., 2005). The position of PSR B1055—52 is indicated by the blue star. Also shown
are the positions of the Geminga and Monogem pulsars in green.
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1 TeV the Alpha Magnetic Spectrometer (AMS-02), a particle detector mounted to
the International Space Station (Aguilar et al., 2013). This significant increase in the
positron fraction is not accounted for by traditional cosmic ray propagation models,
suggesting the presence of one or more unknown sources of positrons.

PWNe and pulsar halos are prime candidates for the origin of these positrons at such
high energies due to their efficient acceleration and relatively ineffective confinement of
cosmic ray leptons. However, leptons at TeV energies cool rapidly through processes
such as IC scattering and synchrotron radiation. This implies that the pulsar responsible
for the observed positron excess must be relatively nearby to ensure that the accelerated
positrons retain sufficient energy.

The distance estimated for PSR B1055—52 is not well constrained, with estimates
ranging from 92 pc to 1.53 kpc, depending on the electron density model that is used
for the estimation (Posselt et al., 2023; Taylor and Cordes, 1993). Given this range of
estimates, PSR B1055—52 is sufficiently close to the International Space Station that
its TeV halo could contribute significantly to the observed positron flux (Orusa et al.,
2025).

Due to its location (GLON = 285.98°, GLAT = 6.65° (Manchester et al., 2005)),
the region around PSR B1055—52 is not observable by «-ray detection facilities located
in the northern hemisphere, including all currently operating WCD arrays. This sky
region is, however, observable with H.E.S.S.. The following work will present an analysis
of the available H.E.S.S. data on the region, using two different background estimation
approaches. The morphological and spectral properties of the y-ray emission in the
region will be analysed in detail, and the results used to compute an injection spectrum
of electrons from the pulsar, which can explain the y-ray emission.

6.1 Data selection and background estimation

A total of 157 observation runs on the region around PSR B1055—52 were acquired
from January to March in 2019. The observations were taken with an offset of 1.0°
from the pulsar position listed in Manchester et al. (2005). Of these, 42 observations do
not pass spectral quality cuts (see Section 3.2.1) or have one of CT 1 — 4 missing. Since
no background template model for data with less than four telescopes is available, these
observations are excluded. The data was reduced using the H.E.S.S. analysis package
(see (Aharonian et al., 2006a)) and reconstructed using the InPACT algorithm (Parsons
and Hinton, 2014). The analysis was performed using gammapy version 1.2 (Donath
et al., 2023; Acero et al., 2024).

The background estimation is performed using two different methods. The first
background estimation method used is the run matching approach outlined in Chapter
3.2. As a second method, the background model template is applied directly to the
data. Since the emission is expected to be largely extended, and the application of the
background model template requires a normalization in a ~-ray free region of the respec-
tive observation, an underestimation of the source extension and energy flux using this
method is likely. This dataset is therefore only used to cross-check the results obtained
using the run matching. Since no background template model for mono or hybrid ob-
servations is currently available, events observed by CT5 are not included in this analysis.

During the matching of the observation pairs for the background estimation, only
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78 run pairs within the validity range of the matching parameters could be found.
To avoid a significant drop in exposure due to these restrictions, the validity range
was slightly increased for all parameters until the exposure loss dropped below 20%
(see Table C.1). The implications for the background estimation have been checked
by repeating the analysis of the empty-field regions outlined in Chapter 3.2. The
mean and standard deviation of the Li&Ma (1983) significance distribution for the
direct application of the background template (Case 0), the run matching approach
using the nominal validity range for all parameters (Case 3) and the increased validity
range (Case 5) can be seen in Table 6.1. Despite the slight decrease in comparability
between both background estimation methods, the fit parameters of the Gaussian fit
to the Li&Ma (1983) significance distribution for the Case 5 dataset indicate a valid
background description and are still within the systematic uncertainties estimated for
the respective dataset in Chapter 3.2.

Table 6.1: Fit parameters of a Gaussian distribution to the Li&Ma (1983) significance
values of the background events derived from the empty-field observations around
Reticulum II, Tucana II and Sculptor before and after the validity range of the matching
parameters was increased.

Case |, Reticulum II |, Tucana II Sculptor

I | |
I o I o 0 o
Case 0 || —0.06 1.04 | —0.05 1.01 | —0.10 1.04
Case 3 || —0.08 1.04 | —0.06 1.06 | —0.14 1.03
Case 5 || —0.14 1.03 | —0.01 1.02 | —0.18 1.03

The dataset containing all observations for which OFF runs could be identified
consists of 99 observation runs, with a deadtime corrected observation time of 44.9 hours,
acquired in a zenith angle range of 29 — 51°. The fractional run deviation of the dataset
is f = 0.53, which is comparable to the datasets used in the validation of the run
matching approach (f € [0.22 — 0.89]).

For the dataset using the direct application of the background model template,
the observations for which no matching OFF run was found could also be included in
the observation. However, to ensure comparability between both datasets, the same
observation list was used. The region around PSR B1055—52 does not contain other
known ~-ray sources, so the background rate of the template model is normalised to
the observation counts outside of a region with a radius of 2.3° around the nominal
pulsar position. The choice of radius for this region was made to ensure that as much of
the suspected emission around the pulsar is excluded, while at the same time retaining
enough statistics (at least 100 counts per observation) for a successful fit of the template.

The adjusted background rate is calculated following Equation (43), with large
deviations in ® corresponding either to strong deviations in the atmospheric conditions
or the detector response from the mean conditions in this optical phase or the absorption
of emission into the background fit. The distribution of the spectral norm for all
observations in this dataset for both background estimation methods can be seen in
Figure 6.2.

Additionally shown is a Gaussian fit to the distribution. The direct application of
the background model template to the observation on average results in a 14% higher
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Figure 6.2: Distribution of the spectral norm ® for the background fit. Additionally
shown is a Gaussian fit to the data. Left: Distribution for the fit for Dataset 2. Right:
Distribution for the fit for Dataset 1.

normalisation. This deviation has also been computed for the four different wobble
pointing positions that were used to acquire the data.

The pointing positions at higher Right Ascension and equal Declination of the pulsar,
as well as the pointing position at equal Right Ascension but lower Declination, show
only a deviation of ~ 3%.

The observations taken at a pointing position that has equal declination but lower
right ascension show that the normalisation of the background model is 10% higher for
the application of the background model template.

At the pointing position with higher declination, the deviation is even larger, with
the normalisation derived from the application of the background model template being
38% higher than the values derived from the run matching approach. This indicates that
some emission, especially for observations taken on the latter two pointing positions,
might be absorbed into the background.

The dataset using the established method of the direct application of the background
model template will hereafter be referred to as Dataset 1, while the dataset computed
using the run matching approach will be referred to as Dataset 2. For the analysis
region, a size of 6° x 6° with a spatial bin size of 0.02° was chosen. The energy axis of
the IRF's is binned into 48 bins between 0.1 TeV and 100 TeV. The reconstructed energy
is binned in 24 bins in the same energy range. The energy threshold for every run was
set so that all data for which the energy bias is above 10% is discarded. Additionally,
all data with E < Ejear, where e, is the energy of the peak of the background
spectrum, is discarded. This threshold was applied to both datasets. Only events with
a reconstructed offset of less than 2.0° from the camera centre were retained for the
analysis. After the background estimation for each observation, the observations are
stacked into one dataset.
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Figure 6.3: Li&Ma (1983) significance map of the region around PSR B1055—52 with
a 1° correlation radius, estimated using Dataset 2. The 3¢ contours of the emission
from this dataset are added in white, while the 3 ¢ contours of the emission derived
from Dataset 1 are added in purple. Left: Map calculated from events above the energy
threshold derived from the energy bias and background peak. Right: Map calculated
only from events with a reconstructed energy above 1 TeV.

6.2 Spectromorphological Modelling

Figure 6.3 shows two Li&Ma (1983) significance maps computed using Dataset 2, both
with a correlation radius of 1.0°. While the left panel shows the data above the energy
threshold derived from the background peak and the energy bias, the right panel shows
a Li&Ma (1983) significance map computed using only events with a reconstructed
energy above 1TeV.

The region excluded from the background fit for Dataset 1 is depicted as black
dashed circle in both panels. Additionally shown are the 3 ¢ contours computed from
Dataset 2 in white and the 3 ¢ contours of Dataset 1 in purple. The left panel shows
that for Dataset 2, the y-ray emission extends to the edges of the observed region at
a Declination above ~ 52°. This means that despite the choice of a large exclusion
region for the background estimation, y-ray contaminated regions have been included
in the background normalisation for Dataset 1, which leads to the overprediction of
background counts, and reduces the flux substantially. This explains the deviation in
extension observed from the 3 ¢ contours between both datasets. For this reason, all
further analysis is done using Dataset 2, except stated otherwise.

As shown in the right panel of Figure 6.3, this effect is less pronounced at energies
above 1 TeV where almost all emission observed in Dataset 2 are contained within the
region excluded from the fit of the background spectrum. In this case, the observed
emission shows a comparable extension for both datasets.

The Li&Ma (1983) significance map, as well as contours shown on the left in Figure
6.3, also suggest that the y-ray emission might not fully be contained within the region
observed by H.E.S.S.. For this reason, many of the results presented in the following
should be interpreted as lower limits. An additional limitation of this is that no
spectromorphological fit over the whole energy range is possible.

To circumvent this problem, the centre of gravity of the observed emission is estimated.
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This is done by computing the acceptance-corrected excess counts summed over the
total energy range in every spatial bin. This data is then evaluated using the python
package scipy (Virtanen et al., 2020), and a centre of mass is calculated. The estimated
position is then used as the centre of a spatial model and fixed for the subsequent fitting.
The best-fit extension of the model, as well as the parameters of the spectral model, are
derived from a maximum likelihood fit.

To describe the emission different spectromorphological models were applied to the
region. As a spatial model a disc model, as well as a Gaussian model, both symmetric
and with elongation, were tested. The Gaussian model is defined in Equation (59),
while the disk model is given by:

P(ro) =

1 {1 for 0 <rg (72)

2m(1 —cosrg) |0 for 6 > rg

with rg the radius of the containment area in which the emission is uniformly distributed.
The width of the edge of this uniform distribution is defined as the range within which
the edge of the model drops from 95% to 5% of the initial amplitude (Donath et al.,
2023). In this study, the edge width was fixed to 1% of the radius of the containment
area. As spectral model, a simple power-law (Equation (61)), an exponential cutoff
power-law (Equation 63) as well as a broken power-law spectral model, were tested.
The latter is defined as:

-T
(5:) i E < Bea

Epreak

—Ty
( E ) otherwise

Epreak

P(E) = ¢o - (73)

with Fpreax the energy of the spectral break, I'; the spectral index before the break and
I’y the spectral index after the break (Donath et al., 2023).

For every model, a test statistic was calculated, and the ATS between the model
hypothesis and the null hypothesis (no source model) was calculated. After the applica-
tion of a source model, a histogram of the Li&Ma (1983) significance of the emission in
every pixel of the region was computed. The significance of all models, as well as the
parameters of the Gaussian fit to the histogram for all model hypotheses, can be seen
in Table 6.2.

The best description of the y-ray emission around PSR B1055—52 can be reached
by applying a symmetric Gaussian model. The best-fit parameters of this model can be
seen in Table 6.3. The extension derived in this analysis is to be interpreted as a lower
limit on the true extension of the «-ray emission. A significance map of the emission,
overlaid with the best-fit morphology of the model, as well as the 3 ¢ contours, can be
seen in the left panel of Figure 6.4, the distribution of pixel significance values before
and after the fit is depicted in the right panel of Figure 6.4.

The significance distribution derived from the data after the fit deviates slightly from
the expected distribution of a good description of all emission in the region, and some
significant emission remains even after the application of the Gaussian model. A second
Gaussian model was added to the data, did, however, not improve the description of
the region significantly, and the model significance is estimated to be only 3.72¢.

Adding a spectral break or a cutoff in the power-law spectrum is preferred by 1.68 ¢
and 0.98 ¢ with respect to the simple power law. The SED for the three models tested
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Table 6.2: Model significance o) and Gaussian distributions of the Li&Ma (1983)
significance values in the region after the model fit, for all model assumptions. The
tested spectral models are a power law (PL), an exponential cutoff power law (Ecut
PL) as well as a broken power law (BPL).

Spatial Model  Spectral Model | o 1 o

Disk PL 13.63 0.15 1.11
Elongated Disk PL 13.31 0.21 1.11
Gauss PL 13.84 0.04 1.07
Elongated Gauss PL 13.64 0.05 1.06
Gauss Ecut PL 13.70 0.05 1.07
Gauss BPL 13.72 0.06 1.07
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Figure 6.4: Left: Li&Ma significance map for Dataset 2, with a correlation radius of
1.0°. The 3 ¢ contours are depicted in white, the best-fit morphology of the Gaussian
model is depicted by the white-dashed circle. Right: Significance distribution of the
emission in the region before and after the application of the Gaussian model.

Table 6.3: Best-fit parameters obtained for the analysis of the data above the energy
threshold, using a Gaussian model with a power law as spectral model.

PSR B1055—52 region

r 2.79 & 0.08stat & 0.424ys

Np [107Hem 2571 TeV 1] | 2.12 £ 0.425t0¢ £ 1.575ys
R.A. [°] 164.12 4 0.35y5
Dec. [°] —51.67 & 1.404ys

o [°] 1.92 =+ 0.23g¢at £ 0.72ys
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Figure 6.5: The SED of the emission for the three different spectral models.

in this work can be seen in Figure 6.5. For the computation of the SED points 12
logarithmically spaced energy bins between 0.1 TeV and 100 TeV were used. Since the
addition of the spectral break or cutoff does not result in a significant improvement,
the power law is retained as spectral model for the analysis.

6.3 Compatibility of the background estimation methods

In order to compare the results derived using both background estimation techniques,
different tests were conducted. At first, the data of both datasets were analysed only
including events with a reconstructed energy above 1 TeV. A Li&Ma (1983) significance
map of Dataset 2 using this energy threshold can be seen on the right in Figure 6.3.
Most of the significant v-ray emission in this energy range is contained within a circle
of 2.3° around the position of PSR B1055—52, which was ignored for the background
estimation using the background model template. Since only a minimal contamination
is expected, the results obtained from both datasets can be compared above 1TeV.
Another advantage in this energy range is that the observed emission is fully con-
tained within the ROI, and it becomes possible to derive not only the best-fit extension
but also the position from a maximum likelihood fit. For this test, only a simple
power-law model is used since the energy range of the datasets is restricted between
1TeV and 100 TeV. As spatial model, a disc model and a Gaussian model were tested.

The Gaussian model is preferred over the disc model with a significance of 2.37 ¢
(9.03¢ as opposed to 6.66¢ for the disc model) for Dataset 2. The significance of
the Gaussian model for Dataset 1 6.28 g, is slightly below the significance derived for
Dataset 2. This is, however, expected due to the slight contamination of the background
estimation region. Adding an elongation is not significantly preferred for either dataset.

The best-fit parameters for the Gaussian models for both datasets can be found
in Table 6.4. After the application of the model, a distribution of the significance in
the ROI is computed, and a 1-dimensional Gaussian model is fitted to this data. The
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Table 6.4: Best-fit parameters obtained for the analysis of the data above 1TeV, using
the direct application of the background model template (Dataset 1) and the run
matching approach (Dataset 2). A Gaussian model with a power law as spectral model
was fit to the data.

Dataset 1 Dataset 2

r 2.53 +£0.12 2.89 +0.15

No [107Hem =257t TeV™!] | 0.86+0.31 1.77 £ 0.62
R.A. [°] 163.174+0.41  162.82 +0.54
Dec. [°] —53.00+£0.35 —51.73+0.36

o [°] 1.1140.23 1.36 +0.23

[ Dataset 1

[ Dataset 2

mw Dataset 1: u =-0.08, 0 = 1.01
Dataset 2: u =-0.09, 0 = 1.13
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Figure 6.6: Significance map of the region around PSR B1055—52 using only events
with a reconstructed energy above 1 TeV. Left: The 30 contours as well as position and
extension of the best-fit model for Dataset 1 are shown in purple, while the contours
and model for Dataset 2 are shown in white. Right: Histogram of the significance
distribution before the addition of the model in black/grey and after the addition of
the model in blue/purple.

histogram and fit results can be seen in the right panel of Figure 6.6, no significant
~-ray emission remains after the application of the respective model.

The SED of both power-law models can be seen in Figure 6.7. The SED points
agree reasonably well, a deviation of ~ 20 can be observed around 1TeV, which can be
explained by the contamination of the background estimation region with y-ray source
flux towards lower energies.

From this analysis, it can be concluded that there is no significant deviation in the
observed -ray emission between the two different background estimation techniques at
high energies.

A second test conducted to compare the compatibility of the background estimation
with both methods is the computation of radial profiles.

The Li&Ma (1983) significance map presented in Figure 6.3 shows that the observed
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Figure 6.7: The SED derived from the fit to the dataset computed using the direct
application of the background model template (Dataset 1) and the run matching
approach (Dataset 2) above 1TeV.

emission is not symmetrically distributed around the pulsar position but offset to
the north. To estimate the direction along which the most emission is observed, a
power-law spectral model with the best-fit parameters presented in Table 6.3 is used
to compute an acceptance-corrected counts map. Then the observed excess counts,
out to a radial distance of 2.5° from the pulsar position, are integrated over triangular
regions originating at the pulsar position, with an opening angle of 20°. The zero angle
is defined as the direction of decreasing declination, i.e., south. The resulting integrated
counts are then depicted over the angle of the integration region, and their profile for
both datasets can be seen in Figure 6.8.

The number of counts derived for both datasets is within errors comparable in the
regions towards the south, while Dataset 1 overall shows a lower number of counts
towards the north. This finding is consistent with the suspected overestimation of the
background for especially the northern pointing for Dataset 1, whereas the southern
pointing is not influenced by this due to the presence of a large enough source-free
region to fit the background model template.

The azimuthal distribution for Dataset 2 is fit with a Gaussian model, obtaining
the main emission angle a as the mean of the Gaussian p = (182.91 + 35.44)°. The
direction of the main emission angle compared to the proper motion of the pulsar is
shown in Figure 6.9.

For a bow-shock PWN; it would be expected that the emission is primarily influenced
by the direction of the proper motion of the pulsar. In this case the emission is aligned
almost perpendicular to the velocity vector of the pulsar. In case the emission is
associated with PSR B1055—52, this suggests that other factors, such as anisotropies
of the local magnetic field, particle diffusion, or inhomogeneities in the surrounding
medium, are the main influence on the diffusion of the high energetic cosmic ray leptons.
This is in agreement with a pulsar halo scenario, where it is expected that particle
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Figure 6.8: Right: Li&Ma (1983) significance map computed with a correlation radius
of 0.5°. The triangular wedges used to compute the anular emission profile are shown
in black. Left: Angular profile of the emission around PSR B1055—52 for both datasets.
A Gaussian fit to the excess counts estimated from Dataset 2 is depicted in black.
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Figure 6.9: Li&Ma (1983) significance map of the region around PSR B1055—52 with a
correlation radius of 0.5°. The 50 and 8¢ contours are shown in white. The region
from which the angular profile shown in Figure 6.8 is derived is shown by the black
circle. The black arrow depicts the main emission direction, and the purple arrow shows
the direction of proper motion of the pulsar derived from measurements in the optical
band (Mignani et al., 2010b).
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diffusion is influenced mainly by the ambient medium and not the pulsar motion.

6.4 Energy Dependence

In order to further characterise the y-ray emission, energy flux profiles are estimated
from the emission in Dataset 2. Due to the asymmetry of the emission compared to
the pulsar position, the region was split into two semicircles perpendicular to the main
emission angle. Then, the energy flux as a function of radial distance from the pulsar
was computed in rings of 0.3° width. This is shown in the Appendix in Figure C.1.

The radial profiles for both semi-circular areas can be seen in Figure 6.10. The
radial profile in the region south of PSR B1055—52 shows a significant decrease in
energy flux to background level at around 1.5°. The radial profile in the region north of
PSR B1055—52 shows an overall higher energy flux, without a significant decrease and
background level is not reached, implying that the emission is likely to extend further
from the pulsar and further underlining that the overall source flux measured in this
study should be treated as a lower limit. The negative energy flux values computed
for some bins can be explained due to statistical fluctuations in the differential flux
introduced by the background subtraction.

To characterise the energy dependence of this result, taking the available statistics
into account, the data was split into four logarithmically spaced energy bands, also
shown in Figure 6.10, and the radial profiles were recomputed in each energy band.

The profiles computed for the southern region in the first three energy bins are within
10 uncertainties comparable. Above 4.22TeV, the energy flux drops to background
level.

The profiles derived from the northern segment show a strong energy dependence, with
the energy flux detected in the bin below 0.75 TeV containing the highest concentration
of flux. This suggests that the contribution to the total energy flux from the lower
energy bins is disproportionately larger than from the higher energy range and that
the flux in the total range is dominated by the low-energy tail of the spectrum. This
leads to the energy flux over the whole energy range being smaller than the flux in
a smaller energy bin where the source’s emission is more concentrated. For energies
below 0.75 TeV, the energy flux increases with increasing distance to the pulsar, which
is consistent with the centre of gravity of the emission being offset from the pulsar
position and supports the finding that the emission likely extends beyond the observed
ROI. A similar behaviour, but less significant, is also observed in the second bin. Above
4.22 TeV, the energy flux is independent of the distance to the pulsar and comparable
to background level.

The differences in extension observed between the significance maps in Figure 6.3,
as well as the surface brightness profile in the northern segment, suggest a possible
energy-dependence of the extension of the y-ray emission. To further investigate a
possible energy-dependence, the data was divided into the same four logarithmically
spaced energy bands as used for the computation of the radial profiles and the Gaussian
source model was fitted in each band.

Since no fit of the position was possible for the first two energy bands, two different
methods were used to estimate the source extension. First, the position of the spatial
model was fixed to the centre of gravity of the emission estimated over the whole energy
range. Second, the position of the spatial model was fixed to the centre of gravity in
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Figure 6.10: Radial energy flux profiles derived from the regions around PSR B1055—52
as shown in Figure C.1. The left panel shows the integrated energy flux in the northern
half, while the right panel depicts the integrated energy flux profile in the southern half.

Table 6.5: Best-fit parameters obtained for the morphology of the emission around

PSR B1055—52 in different energy bands for a fixed and free position of the spatial
model.

Energy [TeV] free position fixed position

R.A. [°] Dec [°] oM R.A. [°] Dec [°] oM
[0.32 — 0.75] TeV 164.57 —51.64 1.96+0.36  164.12 —51.67 2.02+0.38
0.75 — 1.78] TeV 163.53 —51.82 2544057 164.12 —51.67 2.55+0.59
[1.78 — 4.22] TeV 162.74 £0.31 —52.614+0.18 091+£0.16 164.12 —51.67 1.70+£0.32

[4.22 — 100.00] TeV | 163.42 4+ 0.35 —52.47+0.18 0.48+£0.18 164.12 —51.67 0.92+0.73

each of the respective energy bands. In the second approach, the centre of gravity was
estimated in each of the first two energy bands, while the position was included as a fit
parameter for the latter two energy bands.

The energy range of the respective bands, as well as the best-fit position and extension
of the Gaussian model for both cases, can be seen in Table 6.5. A visualisation of the
10 containment radius for the Gaussian model in the different energy bands is shown
in Figure 6.11. The extension of the Gaussian model estimated with the fixed model
centre at the centre of gravity of the emission estimated over the whole energy range
does not show a significant trend. However, the extension of the model for which the
model centre was estimated in each energy bin shows that the emission in the first
two energy bins is comparable but then decreases significantly. The analysis in which
the position is not fixed also shows that the centre of the emission shifts closer to the
position of PSR B1055—52. These two effects are a further indication that the emission

is most likely leptonic, with the parent particles originating from PSR B1055—52 and
diffusing outward while they cool.

6.5 Spectral Analysis of the Region

The large extension of the emission raises the question of whether the whole region can
be described with a single spectral model. To estimate the uniformity of the emission,
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Figure 6.11: Extension of the Gaussian model fitted in the different energy bins shown
in Table 6.5. The fixed position refers to the analysis where the center of gravity was
estimated over the whole energy range and fixed to this value in the analysis in each
energy bin. Refitted position refers to the analysis where the center of gravity or best-fit
position was estimated for each energy bin, respectively.

the FoV is divided into 25 signal regions. Then, a power-law model is fitted to the
emission in each of these regions, and regions in which a signal with a significance of less
than 2 ¢ is detected are discarded. The 14 regions in which a signal with a significance of
more than 2 ¢ is found are shown in Figure 6.12, overlaid with the 50 and 8 ¢ contours
of the emission.

Table 6.6 shows the best-fit parameters in all regions with a signal above the 2o
threshold. The spectra derived from all significant boxes are comparable both in spectral
index as well as in flux normalisation. For the spectral index, the deviations between
the different boxes are visualised in a heat map in the left panel of Figure 6.13. The
index values compared to the spectral index derived from the fit of the model to the
whole region (see Table 6.3) are shown in the right panel of Figure 6.13. The behaviour
of the Flux normalisation at 1 TeV is shown in Figure 6.14. The values derived for the
individual boxes are within 2 0 compatible with each other, and no significant trend
can be identified.

Additionally, a Pearson correlation coefficient between the distance to the pulsar and
the spectral index was calculated and found to be r = 0.31. The correlation coefficient
between the flux normalization and the pulsar position was found to be r = 0.51. For
both Pearson correlation coefficients, a t-score can be calculated as:

t= ——, (74)

with n the sample size. The p-value can then be derived from the t-distribution as
p=2-(1— Fi(|t],df)), with F;(|t],df) the cumulative distribution function (CDF) of
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Figure 6.12: Li&Ma (1983) significance map of the region computed using a correlation
radius of 0.5°. The 5 and 8 ¢ contours of the emission are shown in white, and all grid
boxes for which a spectral model could be fitted with a significance higher than 20 are
shown in black.

Table 6.6: Parameters of the spectral fit and significance of the emission in the different
signal boxes.

Signal Region , Spectral Index Ng [107cm™2s~ ! TeV~!] Significance o

a 4.34 £ 2.07 2.55£5.04 2.10
b 3.10 £ 0.38 7.42+2.38 3.66
c 3.38 £0.48 4.26 £ 2.01 2.45
d 3.23£0.45 1.16 £ 3.97 4.55
e 2.54£0.20 7.34£1.81 3.81
f 2.81 £0.32 5.81 +£1.59 3.50
g 3.14 £0.25 9.44 £ 2.00 5.99
h 2.87+0.34 9.46 £ 2.79 3.29
i 2.33£0.13 9.30 £2.11 4.83
j 2.38 £0.12 9.78 £ 1.85 5.49
k 2.73£0.40 7.25£2.13 3.08
1 3.09 £0.39 1.16 £ 3.60 3.96
m 2.33£0.26 7.20 £2.96 2.65
0 3.11 £ 0.57 7.69 £ 3.69 2.26
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Figure 6.13: Left: Heat map for the spectral index derived from a fit of a power-law
model to each of the boxes indicated in black. The 5¢ and 8 ¢ contours of the emission
are shown in brown. Right: spectral indices for every box compared to the value derived
from the fit over the whole region.
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the t-distribution with df the number of degrees of freedom. This can be converted into
a z-score under a normal distribution as z = ®~1 . (1 — 0.5p).

For a correlation coefficient of » = 0.31 and r = 0.51 this results in a significance of
1.08 o and 1.86 ¢ respectively. This lack of a correlation for both the spectral index, as
well as the flux normalization, and the uniformity of the results obtained for all boxes
supports the theory that all emission observed in the region has a single point of origin.
It, however, also indicates that the propagation of the cosmic-ray particles responsible
for the y-ray emission is not significantly impacted by cooling, which would be expected
for a ~-ray source powered by electrons and positrons.

6.6 Estimation of the Systematic Uncertainties

In order to estimate the influence of the background estimation on the significance of
the source detection and the source parameters, two different tests were conducted.

6.6.1 Simulation of a y-ray source

For this test, a simulated dataset was created. For this purpose, the IRFs and the back-
ground spectrum from Dataset 2 were used, and a simulated source, with the properties
derived for the best-fit source model describing the emission around PSR B1055—52,
depicted in Table 6.3, was injected into the ROL.

A Gaussian model has then been applied to the data, finding a significance of the
model of oy = 13.38, which is comparable to the significance of the emission in the
real data. The background rate was then increased until the significance of the model
dropped below 50. This study finds that a systematic uncertainty of 2.5% on the
background rate can be introduced before the source detection is no longer significant.
In the next step, the background rate of the real dataset is increased by 2.5%. We find
that the significance of the detection drops down to 5.9 ¢, showing a similar behaviour
between the simulated source and the detected emission.

6.6.2 Estimation of the influence of the ON run sequence on the background
rate

To provide an estimate of the systematic uncertainties of the best-fit parameters and
the significance of the source detection due to the background estimation, a second
independent matching list is created. For this purpose, the order of the ON runs was
randomly rearranged before performing the run matching. Since a run is removed from
the pool of potential OFF runs once it has been assigned to an ON run, this leads to a
random shuffle of run pairs, which are then used to create a third dataset, hereafter
referred to as Dataset 3. A visual comparison of the fractional run deviation between
both lists can be seen in Figure 6.15. The shuffled run list shows a larger fractional
run deviation, indicating that the identified run pairs are less compatible and that the
quality of the background estimation is slightly worse.

A Gaussian model with a power-law spectral model was fitted to the data. The
position of the Gaussian has been estimated by computing the centre of gravity of the
emission, which was then fixed in the fit of the model to the data for both datasets. We
find that the significance of the detection decreases from 13.53 ¢ to 11.78 ¢ in Dataset 3.
A significance map and histogram visually comparing the emission and best-fit position
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Figure 6.15: Distribution of the fractional run deviation for all run pairs in Dataset 2,
as well as in the shuffled dataset.

of the Gaussian model for Dataset 2 and Dataset 3 can be found in the left panel of
Figure 6.16. The significance histograms for both datasets are shown in the right panel.
The source parameters for both datasets, as well as the SED, can be found in the
Appendix in Table C.2 and Figure C.2, respectively.

The differences between the source parameters of the ON-OFF list used to create
Dataset 2 and the list used to create Dataset 3 can be used as a first approximation on
the systematic uncertainties of the best-fit model parameters.

However, the deviation between the observed emission for Dataset 2 and Dataset 3
is smaller than the deviation between the emission for the two different background
estimation methods. This is not surprising since it is expected that the direct application
of the background template used for Dataset 1 overestimates the background flux. In
order to give the most conservative estimate of the source parameters, it was therefore
decided to fit a Gaussian model to Dataset 1 and use the difference on the source
parameters derived for this fit and the fit to Dataset 2 as the systematic uncertainties
on the source parameters. From this fit also a lower limit on the significance of the
detection can be established to 6.31 0. The systematic uncertainties derived through
this method are given in Table 6.3.

6.7 Analysis of Fermi-LAT data

Before this work, no detection of the pulsar halo around PSR B1055—52 using Fermi-
LAT data was made. This is possibly due to a lack of appropriate background models
for the detection and analysis of largely extended emission (see discussion in Ackermann
et al. (2012) as well as on the website of the Fermi-LAT Collaboration 3, where caveats

3https://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT_caveats.html
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Figure 6.16: Left: Li&Ma significance map computed with a correlation radius of 1.0°
from Dataset 2. The 3¢ contours of the main dataset are depicted in white and the
contours of the shuffled dataset in gold. The best-fit position of the Gaussian models is
depicted by the dashed circle in the respective colour. Right: Significance distributions
of the emission in the region after the application of the Gaussian model for both
ON-OFTF lists.

for the data released by the Collaboration are listed).

These restrictions, however, can be overcome when a joint-modeling approach is
used. For this, LAT data from October 2008 to January 2025 was used. The diffuse
class was used to achieve the best background rejection. The IRFs from the third
version of Pass 8, PBR3_SOURCE_V3 (Ajello et al., 2021) were used and all sources in
the ROI were described using their respective models from the 12-year 4FGL source
catalogue (Abdollahi et al., 2020). The ROI is chosen as a 15° degree region around
the nominal position of the pulsar. A binsize of 0.025° and 8 energy bins per decade
with logarithmic spacing were used.

The energy range analysed in this work is 10 GeV to 500 GeV. These thresholds were
set to exclude significant emission from the pulsar itself and still stay within the energy
range for which the background model has been computed, without any extrapolation.
To account for isotropic background emission, the model iso P8R3_SOURCE_V3_v1.txt
was used.

To account for the diffuse emission, the newest version of the Interstellar Emission
Model (gll_iem vO7.fits) was slightly modified. The LAT Collaboration has released
the Interstellar Emission Model with the caveat that it is likely that structures with an
extension of more than 2° will be absorbed into the background due to their iterative
fitting process of the patch models (Ackermann et al., 2012). Since the emission
observed in the H.E.S.S. data is likely more extended than 2°, a background model in
which the patch models are removed was created by the Fermi-LAT member Dmitry
Malyshev and provided for this work. The data was then exported to gammapy, since a
spectromorphological analysis is not possible using the analysis tools provided by the
Fermi-LAT collaboration.

For the estimation of the normalisation and the spectral tilt following Equation
(43) of both background models, a circular region with a radius 4° has been excluded
around the nominal pulsar position. Additionally, excluded was the region around the
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Table 6.7: Best-fit parameters for the background fit of the Fermi-LAT dataset for the
Interstellar Emission Model (IEM) and the isotropic background model.

o 0

IEM | [1.154+0.03] [0.05+7.67]-1076
isotropic | [0.88 +0.20] [0.01 £ 5.87] - 10~*
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Figure 6.17: Li&Ma (1983) significance map of the ROI around PSR B1055—52 as seen
by Fermi-LAT. The best-fit morphology derived from an analysis of the H.E.S.S. data
is indicated by the yellow circle.

stellar cluster Westerlund 2, from which significant emission has been detected before
(Yang et al., 2018), as well as three point sources. The exclusion regions can be found in
Appendix C.4. The background models are then fit to the ROI outside of the exclusion
regions, and the best-fit values for both background models are shown in Table 6.7. For
the subsequent analysis, the background models are fixed to these best-fit values.

A Li&Ma (1983) significance map of the region is shown in Figure 6.17. Additionally,
the best-fit position and extension derived in the H.E.S.S. analysis are displayed. No
significant emission around PSR B1055—52 can be observed. Nevertheless, a source
model is fitted to the region, with a power law as spectral model. For the morphology
of the model, a Gaussian source with the best-fit parameters derived in the H.E.S.S.
analysis and presented in Table 6.3 is used. The significance of the model is found to
be 1.67 0, and no SED point with a significance above 2 ¢ can be derived.

A second analysis was performed, taking the statistical uncertainties of the fit of both
background models into account. For this, the statistical error on the flux normalisation
of the respective background models was subtracted from the nominal value of the
normalisation, and the Gaussian source model was refitted. The significance of the
model fit is 3.30 0, and despite the model itself not being significant, one significant
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Table 6.8: Best-fit parameters obtained for the analysis of the LAT data, using a
Gaussian model fixed to the best-fit position derived from the analysis of the H.E.S.S.
data with a power law as spectral model.

PSR B1055—52

r 1.84 + 1.52¢a¢ + 0.0024ys
No [1072em 2571 TeV 1] | 4.17 £ 19. 1540t & 0.114ys

SED point and some upper limits can be derived. The SED points are calculated with
an energy binning of 4 bins per decade. The best-fit parameters of the power-law model
can be seen in Table 6.8. It, however, needs to be stressed here that the results and
SED derived from this analysis, as well as the joint analysis of this dataset and the
H.E.S.S. data described in this section, can only be interpreted as upper limits due to
the decreased background flux normalisation.

The SED compared to the SED points derived in the analysis of the H.E.S.S. data
for Dataset 1 and Dataset 2 can be seen in Figure 6.18. The last energy bin in which
an SED point was derived for the Fermi-LAT data overlaps with the first energy bin in
which an SED point was derived in the H.E.S.S. dataset. The upper limit from the LAT
data is consistent with the shape of all SED points of Dataset 1, and with all but the
first SED point derived from Dataset 2. It does however need to be iterated here that
the systematics on the background model of the Fermi-LAT data are not known, the
energy flux derived in the first bin of Dataset 2 should therefore not be interpreted as
wrong, and a more conclusive answer on whether these results are in tension with each
other can only be made once a realistic evaluation of the systematic uncertainty on the
LAT background model becomes public, or once a background model template for data
including CT 5 becomes available and the H.E.S.S. data analysis can be extended to
lower energies.

To solidify these results and leverage the combined statistics of both instruments, a
source model was fit jointly to the data. Two fits were performed using the LAT data
together with either Dataset 1 or Dataset 2 separately. For the joint-fit of the LAT
data and Dataset 2, the centre of gravity estimated in the H.E.S.S.-only analysis was
used as centre of a Gaussian source model and fixed for the fit. As spectral model, a
simple power law, as well as a logarithmic parabola model, a broken power law, and
an exponential cutoff power law were tested. For the joint-fit of the LAT data and
Dataset 1, the position of the Gaussian is included as a fit parameter.

The significance of each model for the joint modelling can be seen in Table 6.9. The
best-fit parameters of the respective models can be seen in Table 6.10 for the logarithmic
parabola model and in Appendix C.5 for the other three models. For the joint fit with
Dataset 2, the highest combined significance between both datasets is found for the
exponential cutoff power-law model. For the joint-fit with Dataset 1, the broken power
law yields the highest model significance for the LAT and H.E.S.S. data. However, no
valid minimum in the parameter space could be found during the fit.

It was, therefore, decided to retain the exponential cutoff power-law model, which
shows the second-highest significance for both datasets, as the best choice for the
emission. The SED for the exponential cutoff power-law model jointly fit to the LAT
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Figure 6.18: SED of the source model for the extended emission around PSR B1055—52
derived from a separate analysis of the Fermi-LAT and H.E.S.S. data.

data and Dataset 2 can be seen in the left panel of Figure 6.19, the SED of the fit of
the logarithmic parabola model to the LAT data and Dataset 1 can be seen in the right
panel of Figure 6.19. The SED of the other models can be found in Appendix C.5

In the visual comparison of the SED from the analysis of the separate datasets shown
in Figure 6.18, the SED point in the first energy bin of Dataset 1 is in agreement with
the upper limit derived in the last energy bin of the LAT data. In the joint analysis
of the datasets, neither of the models is able to explain the energy flux in the first
energy bin for both Dataset 1 and Dataset 2. This might indicate the presence of a
threshold effect in the H.E.S.S. data or a too high estimation of the background in the
Fermi-LAT data. However, without information about the systematic uncertainty of
the Fermi-LAT background model or an analysis of the H.E.S.s. data including CT 5
no conclusions can be drawn from this mismatch.

Except the disagreement in the energy bin at around 300 GeV, the SED agree well
with the derived model and the emission can be detected with a significance above 3 o
in the fit including Dataset 2, and above 5¢ in the fit including Dataset 1. From this,
it can be inferred that even if large systematic uncertainties need to be considered, the
LAT data supports the detection of a highly extended source around PSR B1055—52.

6.8 Electron Diffusion Model

The ROI covered by the observations conducted on the region around PSR B1055—52
contains only two known physical objects, PSR B1055—52 and PSR J1103—5403, located
at R.A. = 165.8875° and Dec = —54.0619°. The latter is an old millisecond pulsar,
with an age of 7. = 1.46 - 107 kyr and a period of P = 3.39ms. Its spin-down power is
estimated to F = 3.7 - 1033 erg/s. With such a low spin-down power, it is unlikely that
the pulsar contributes to the production of VHE ~-ray photons. The position of both
pulsars is shown on a significance map computed from Dataset 2 in Figure 6.20.
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Table 6.9: Model significance values for the joint fit of different spectral models to the
LAT data and either Dataset 1 or Dataset 2. As spatial model, a Gaussian centred on
the centre of gravity of the emission in Dataset 2 was used. The spectral models used
were a simple power law (PL), a logarithmic parabola model (LP), a broken power law
(BPL) as well as an exponential cutoff power law (EPL).

Dataset 2 Dataset 1
LAT H.E.S.S. LAT H.E.S.S.
PL | 2580 6.01c 0390 3870
LP | 1380 12290 b5.740 6.340
BPL | 0.130 13400 6.300 6.600
EPL | 3.110¢ 11.870 5990 6.590

Table 6.10: Best-fit parameters derived from the joint model using the Fermi-LAT data
and the two different H.E.S.S. datasets. For the joint fit of the LAT data and Dataset 2,
the position of the Gaussian model was fixed to the centre of gravity of the emission,
for the joint model involving Dataset 1 the position of the Gaussian model was included
as a fit parameter. As spectral model an exponential cutoff power law was used.

Dataset 1 Dataset 2
r 1.46 +£0.09  0.80 £0.18
No [107Mem 2571 TeV™Y | 6.414£2.10  14.80 4 7.60
A [TeV™1] 0.254+0.06  0.94+0.17
R.A. [°] 162.50 4 0.01 164.12
Dec. [°] —54.45 +0.01 —51.67
o [°] 4.78 £0.96  3.46 +0.76
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Figure 6.19: SED derived from a joint fit of the LAT data with Dataset 1 (on the left)
and Dataset 2 (on the right) for an exponential cutoff power-law spectral model. The
exponential cutoff power-law spectral model describes all but the first SED point in
the H.E.S.S. data well. A possible reason for the divergence of the model from the
SED point could be threshold effects in the H.E.S.S. data or an overestimation of the
background in the Fermi-LAT data.
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Figure 6.20: Li&Ma (1983) significance map of Dataset 2 computed with a 0.5°
correlation radius. The 50 and 8¢ contours are shown in white. The position of
PSR J1103—5403 is indicated, and the locations of the molecular clouds present in the
region taken from Miville-Deschénes et al. (2017) and Dawson et al. (2008) are shown
as circles.
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Additionally shown in Figure 6.20 is the position and estimated extension of molecular
clouds in the region. The molecular clouds shown in red are taken from Miville-Deschénes
et al. (2017), with their respective distance estimate shown in the Figure. The molecular
clouds shown in brown are taken from a NANTEN survey of 2CO and ¥Co clouds
in the Carina Flare Supershell (Dawson et al., 2008). No distance estimate for these
clouds is provided.

None of the observed molecular clouds in the region can account for the full extent
of the detected ~-ray emission. While some clouds overlap spatially with portions of the
emission, the uniformity of its spectral properties suggests that cosmic ray interactions
within these clouds are unlikely to be the source of any significant fraction of the
emission.

In the absence of any other physical sources within the ROI, and considering the
uniformity of the emission and the energy dependence of its extension, it is reasonable
to assume that the extended v-ray emission has a leptonic origin, with PSR B1055—52
as its source.

To further classify the nature of this emission, a distinction between the categorization
as a PWN or pulsar halo can be attempted. These two structures are primarily differen-
tiated by the energy density €. of relativistic electrons, which governs their propagation
and confinement.

In a PWN, the relativistic electrons are confined within a strongly magnetised
wind bubble. This entrapment of electrons and positrons, combined with a continuous
injection of leptons from the pulsar wind into the region, leads to a high energy density
with €. > ersm.

In pulsar halos, the surrounding magnetic fields are too weak to confine the electrons,
allowing them to diffuse slowly outward. As they propagate, the leptons experience
significant radiative losses, leading to an energy density lower than the density of leptons
in the ISM, €. < ergm. Following the population study presented in Giacinti et al. (2020),
a ~y-ray structure around a pulsar is classified as a pulsar halo when e, < 0.1eV/ cm®.

Using Equation (69), the energy density for the extended emission can be estimated
from the spin-down power F = 3.0 - 1034 erg/s, the characteristic age 7. = 535 kyr and
the radius of the region containing the y-ray emission R;. R is estimated using the 3o
containment radius of the Gaussian 30, fitted to Dataset 2 and the distance d to the
source as Ry = 3o - d.

The distance to PSR B1055—52 is, however, not well constrained. A distance
estimate based on the dispersion measure (DM = 29.69 + 0.01, (Petroff et al., 2013))
finds d = (0.75 £ 0.15) kpc for the electron density model presented in Cordes and Lazio
(2002), while the electron density model from Taylor and Cordes (1993) suggests a
distance of 1.53 kpc. More recently, an investigation into the contributions of thermal
components to the multiwavelength spectrum suggests a distance of 350 + 150 pc
(Mignani et al., 2010a) while a refined electron density model presented in Yao et al.
(2017) results in a distance estimate of 92 pc (Posselt et al., 2023).

For further analysis, the distance estimate from the thermal contributions of d =
350 pc, as well as the distance estimates from the two newest electron density models
(d =92pc and d = 750 pc) were used. The energy density for the emission is derived for
all three distances to € g2 = (0.35+0.11) eV/cmg, €e, 350 = (5.89 £ 1.82) - 102 eV/cmS,
€e. 750 = (5.99 + 1.86) - 1073 eV /cm®.
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Table 6.11: Diffusion coefficient at an electron energy of 100 TeV for Kolmogorov and
Kraichnan diffusion.

Do(5 = 0.33)  Dy(6 = 0.5)
[10%7cm?/s]  [10%7 cm? /5]

d = 92pc 0.11 0.23
d = 350 pc 1.60 3.49
d = 750 pe 7.33 16.04

Except for the energy density assuming a distance of 92 pc, all energy density values
are below the expected value for the ISM. From this, as well as taking into account
that the extension of the source is likely to be only a lower limit due to the lack of a
large enough observation region, it can be concluded that the region is most likely not
dominated by strong magnetic fields of the pulsar, and a diffusive outflow of leptons is
happening.

A low energy density is expected for pulsar halos and was already observed in the pulsar
halo around the Geminga and Monogem pulsars. A rather surprising finding in the same
halo was that despite the low energy density, the diffusion in the region seems to be
suppressed with respect to the diffusion expected for the ISM (Abeysekara et al., 2017b).
The diffusion coefficient in the pulsar halo around Geminga and Monogem has been
estimated to (4.5 4 1.2) - 102" cm?/s at an electron energy of 100 TeV and a diffusion
index of 6 = 0.33 using HAWC data (Abeysekara et al., 2017b), and 7.51-3 - 1027 cm? /s
for a diffusion index of 6 = 1.0 using H.E.S.S. data (H.E.S.S. Collaboration et al.,
2023). The diffusion coefficient at the same electron energy has been estimated to
4.5-10% ¢cm? /s for the ISM (Strong and Moskalenko, 1998), a factor 100 larger.

To examine if this behaviour can also be observed for the extended v-ray emission
around PSR B1055—52, the diffusion coefficient in the region is calculated from the
observed extension of the y-ray emission, following Equation (68). For the diffusion index
6, two different regimes of diffusion have been assumed. Kolmogorov diffusion, with
0 = 1/3, is usually assumed to describe the ISM under normal conditions (Kolmogorov,
1991). Kraichnan diffusion with § = 0.5 describes weaker turbulence dominated by
magnetohydrodynamic waves (Kraichnan, 1965).

The diffusion coefficients at an electron energy of 100 TeV for both diffusion indices
as well as all three distance estimates can be seen in Table 6.11. The reference electron
energy was chosen to allow a direct comparison with the diffusion coefficient derived
for the pulsar halo around the Geminga pulsar. This study can confirm that the
~v-ray emission around PSR B1055—52 also shows diffusion, which is suppressed in
comparison to the ISM, with values comparable to the diffusion coefficient estimated
for the Geminga and Monogem halo assuming a distance of 350 pc and slightly higher if
the distance to PSR B1055—52 is larger. A visual comparison between the diffusion
coefficient of the ISM taken from Strong and Moskalenko (1998), the diffusion coefficient
for the Geminga halo derived in H.E.S.S. Collaboration et al. (2023) and Abeysekara
et al. (2017b), and the diffusion coefficients derived in the work can be seen in Figure 6.21.
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Figure 6.21: Diffusion coefficient for the pulsar halo around PSR B1055—52, estimated
from the angular size of the -ray emission derived from Dataset 2 using Equation
(68) for the three distances. Additionally shown are the diffusion coefficient of the
ISM (Strong and Moskalenko, 1998) and the diffusion coefficient estimated for the
Geminga halo in H.E.S.S. Collaboration et al. (2023) and Abeysekara et al. (2017b).
The reference electron energy for all coeflicients is 100 TeV.

To estimate the properties of the electrons responsible for the observed ~-ray emission,
a diffusion model was used. The model itself was provided for this work and was already
used to derive the properties of the electron spectrum in an analysis of H.E.S.S. data
around the Geminga halo presented in H.E.S.S. Collaboration et al. (2023). A thorough
definition of the model can be found in H.E.S.S. Collaboration et al. (2023), while only
the key points are given below.

The model assumes a point-like source that continuously injects electrons into its
surroundings, which then diffuse outwards and cool. The electron density N(F,r,t) is
derived as:

ON(E,r,t) = D(E)AN(E,r,t) — 0p(b(E)N(E,r,t)) + Q(E,t)é(r —rs)  (75)

with D(FE) the diffusion coefficient and b(E) the energy loss rate. The pulsar position
rs(t) = vp(T* —t) is estimated from the proper motion of the pulsar vy and the current
age of the pulsar T*. The rate Q(E,t) of electrons produced for each pulsar energy
FE depends on the assumed injection spectrum of the pulsar. For this, an exponential
cutoff power law is chosen, which results in an electron rate of:

(n+1)
t\ -0 B\ “ E
Q(E,t) = Qo <1 + 7_()) (Eo> exp <_Ec> ) (76)

where n is the pulsar braking index, g9 the characteristic age of the pulsar, E. the cutoff
of the power law and Qg a normalisation factor.

The energy loss was approximated following derivations from Delahaye et al. (2010).
Since the dominant energy loss mechanisms for relativistic leptons in the GeV-TeV
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Table 6.12: Pulsar parameters used as input values for the computation of the diffusion
model.

parameter value

Te [kyr] 535

E [10%* erg/s) 3.0

vr [mas/yr] 42
P [1/s] 0.013
ambient B-field [uG] 1.0
0 0.33

energy range are synchrotron radiation and IC scattering, only energy losses from these
two processes were considered.

The strength of the IC losses is strongly dependent on the electron energy and can be
classified into two key regimes: In the Thomson regime (o < 1, with o = (vkgT)/m.),
leptons lose energy gradually in many scattering events. In the Klein-Nishina regime
(> 1), the electrons and positrons lose most of their energy in one interaction. The
target fields for the Inverse Compton scattering are photons from the cosmic microwave
background (CMB), dust (IR), and star light (optical). For the CMB photons, the
canonical temperature of T'= 2.7 K and an energy density of 0.26eV/ cm?® were assumed
(Navas et al., 2020).

The energy density of the IR and optical photon fields were estimated using a model
presented in Popescu and Tuffs (2013). This model estimates the energy density in a
given region by comparing the intrinsic light emission of known stellar objects to the
observed light to estimate the absorption and scattering on the ambient medium. For
the region around PSR B1055—52, the energy density is estimated to be 0.85 eV/cm3,
with a black-body temperature of T' = 3.66 K.

From these assumptions, the diffusion radius A can be estimated as:

FEy /
N =4 /E dE’lZ ((5)) : (77)

with Fs(FE,tg,t) the energy of an electron produced at time to and observed at time ¢
with energy E (H.E.S.S. Collaboration et al., 2023). At low energies, the influence of
cooling on the electrons is insignificant, and A is only influenced by the properties of
the diffusion. At higher energies, the cooling effects become significant, and A is limited
by the cooling time of the electrons. This results in a peak diffusion radius at which
the cooling time of the electrons is equal to the age of the pulsar.

The properties assumed for the diffusion model are given in Table 6.12. Since no
X-ray observations of a pulsar wind nebula around PSR B1055—52 have been made yet,
the synchrotron part of the spectrum cannot be constrained, and an ISM typical value
of B = 3 uG is chosen (Grasso and Rubinstein, 2001). For the particle transport, a
Kolmogorov diffusion behaviour is assumed.

In order to estimate the electron spectrum, which would result in v-ray emission
that can describe the SED derived from the joint models best, a range of different
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parameters was tested. For each parameter combination, the electron injection spectrum
was computed and translated into a photon spectrum using the Naima package (Zabalza,
2015). Then, a x? between the derived spectrum and the SED was calculated. The
model with the smallest x? is then retained. Due to the correlation of the parameters
of the diffusion model, the large uncertainty of the background rate in the analysis
cannot be directly propagated into the diffusion model. A fit of the SED derived from
the diffusion model and the SED derived from the joint-modeling presented above is
not possible. This is due to the large number of free parameters in the model and the
absence of multiwavelength data in the region. It is, therefore, decided to conduct a
parameter scan to find the parameter combination that best describes the SED derived
from the two joint models presented above. In order to propagate the large uncertainty
of the distance estimation into the model, this scan is conducted for both datasets for a
distance of 92 pc and 350 pc.

The free parameters of the diffusion model are the initial period of the pulsar Py,
the braking index n, the injection index of the electrons I', the cutoff of the injection
spectrum K, and the «-ray efficiency 7, of the conversion of electron energy into vy-rays.
The tested parameter ranges, as well as the best description derived from the parameter
scan, can be seen in Table 6.13.

The minimal x? that can be achieved in the tested parameter range is also given in
the respective column in Table 6.13 for each model. The model for which the smallest
x? could be found, compared to the SED, can be seen in Figure 6.22 for the joint fit
involving Dataset 2, and in Figure 6.23 for the joint fit involving Dataset 1.

The parameter scan yields that in both cases, the emission is almost equally well
described assuming either of the two distances. For both datasets, a distance of 350 pc
is marginally preferred, does however infer a y-efficiency higher than 10%. Previous
studies have estimated a 7-ray efficiency of ~ 1% — 5% for several pulsar systems,
among those also the halo around the Geminga pulsar (Fang et al., 2022; Di Mauro
et al., 2019). An efficiency of 10%, or higher, as predicted by the model derived from
the comparison to the SED, would point to a very dense environment in which the
leptons are cooled very effectively. On the other hand, an efficiency of 1.5% and 2.2%,
as estimated for a distance of 92 pc, suggests that only a small fraction of electrons
undergoes IC scattering. It is, therefore, likely that the true distance to PSR B1055—52
lies somewhere between 92 pc and 350 pc.

The initial period Py derived from the model is in both cases similar to the current
period of P = 0.197s (Manchester et al., 2005), indicating that the pulsar has not slowed
down considerably. This is in agreement with the small period derivative observed from
PSR B1055—52 of P = 5.83870 - 10~ 9 s/s, does, however, imply that PSR B1055—52
was born with a rather slow initial spin-down period.

A study presented in Bucciantini et al. (2010) found that a number of PWNe can
be well described by employing a broken power law injection model, with an injection
index exceeding 2 in the y-ray energy range. In contrast, numerical simulations of older
systems suggest that the injection of electrons in bow-shock PWNe happens under a
much harder spectral index of around 1 (Bykov et al., 2017). The injection index of the
electrons derived for the SED of the fit to Dataset 1 and the LAT data is estimated to
.= 1.80f8:8§. This is harder than the values derived for the Geminga halo presented
in Abeysekara et al. (2017b) but remains significantly above the lower limit expected for
bow-shock PWNe. In contrast, the injection index estimated for the SED from the joint
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Table 6.13: Free parameters of the diffusion model, with their tested parameter range,
as well as the best description for Dataset 1 and Dataset 2. Additionally given are
the 1o uncertainties for all free parameters and the y? value for the best parameter
combination.

parameter range Dataset 1 Dataset 2
distance [kpc] —— 0.09 0.35 0.09 0.35
Dy [10%" cm? /3] —— 0.11 1.60 0.11 1.60
x> — 9.10 8.73 70.60 70.85
7 (0.001 — 0.500]  0.0157000%  0.30075:057  0.022+09%5  0.3801) 332
Py [1/s] [0.100 — 0.195] 0.193+3:991 0.19413:002
n [1.0 — 30] 157558 2.57 %5
r, [1.0 — 3.0] 1.8070:03 1.000:06
E, [TeV] [1—100] 51+ 1271

fit of Dataset 2 and the LAT data is I', = 1.001“8:88. This result is in tension with the
expectations for a pulsar halo. However, this parameter is predominantly influenced by
the Fermi-LAT SED, and the difference in the shape of these SED from both joint-fits
suggests that large systematic uncertainties need to be taken into account.

For a pulsar that is slowed purely by its dipole radiation, a braking index of n = 3 is
expected. A study presented in Tong and Kou (2017) proposes that the braking index
of young pulsars can deviate from this value since energy loss from the pulsar wind
needs to be taken into account as well. Due to internal torques and dissipation effects,
the magnetic axis aligns more closely with the rotation axis during the evolution of
the pulsar. This reduces the energy loss due to dipole radiation, and the pulsar wind
losses start to dominate. Following this model, a braking index of 1 < n < 3 would be
expected for PSR B1055—52. The derived parameter of the diffusion model fits this
theory well for both datasets, the model does, however, not constrain this parameter,
as seen by the large statistical uncertainties.

The diffusion radius, estimated from the parameter combination with the smallest
x? of the fit to Dataset 1, can be seen in Figure 6.24. From the diffusion model, a
source extension which peaks at 66 pc at an electron energy of 0.57 TeV is estimated.
For an electron energy of 4 TeV, the ~-ray emission, observable by both Fermi-LAT
and H.E.S.S., is predicted to extend over 45 pc. Assuming a distance of 350 pc, this
suggests that the emission would extend over 7.36° at an electron energy of 4 TeV. At a
distance of 92 pc, the estimated extension of the emission at an electron energy of 4 TeV
is 11.51°. The estimated diffusion radius suggests that the emission extends beyond
the region observed by H.E.S.S., and the extension derived from Dataset 2 is likely
closer to the true extension of the y-ray emission. However, without further data in
different wavelengths, a further reduction of the systematic uncertainties in either the
Fermi-LAT or H.E.S.S. data, or observations of a larger region in the TeV energy range,
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Figure 6.22: Comparison of the model SED derived from the diffusion model and the
SED derived from joint analysis of the Fermi-LAT data and Dataset 2. The distance
assumed for this model is 350 pc. Left: Whole energy range. Right: Zoom-in to the
GeV-TeV energy range. The residuals shown are calculated as (data -model)/data.
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Figure 6.23: Comparison of the model SED derived from the diffusion model and the
SED derived from joint analysis of the Fermi-LAT data and Dataset 1. The distance
assumed for this model is 350 pc. Left: Whole energy range. Right: Zoom-in to the
GeV-TeV energy range. The Residuals shown are calculated as (data -model)/data.
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Figure 6.24: Estimated diffusion radius A for different electron energies for the diffusion
model which is best able to describe the SED derived in the joint analysis of the
Fermi-LAT data and Dataset 1. The best-fit extension of the Gaussian model fitted to
Dataset 1 is depicted in blue.

it is not possible to ascertain which of the two parameter combinations presented above
is more plausible or how large the true uncertainties on the parameters are.

6.9 Discussion

The detection and analysis of v-ray emission around older pulsars provide crucial insights
into the long-term evolution of pulsar systems and the transport of high-energy electrons
in the interstellar medium (ISM). Studying these evolved systems allows us to probe the
interplay between particle injection, energy loss, and diffusion processes, which can lead
to valuable conclusions for local ISM turbulences and, therefore, cosmic-ray propagation.
The population of identified pulsar halos is, however, still rather small, which leads
to large uncertainties about the general applicability of the properties derived from
only a handful of TeV sources, and each new detection helps to differentiate between
commonalities of the population and characteristics of the individual halos.

The middle-aged pulsar PSR B1055—52 has long been expected to be the source
of such a TeV pulsar halo (Romero, 1998; Orusa et al., 2025; Fang, 2022b), however
the detection of these extended structures with IACTs is challenging due to the large
extension of the TeV emission and the lack of y-ray free regions from which the
background contamination can be estimated. Such detections are therefore mostly
done using wide field of view survey instruments like HAWC or LHAASO. Since
PSR B1055—52 is located on the southern hemisphere, it is currently only observable
by the TACT array H.E.S.S., with no observations of v-ray survey instruments available
yet.

To facilitate the analysis of the expected largely extended «-ray emission, a novel
background estimation technique combining a classical ON-OFF background estimation
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with a three-dimensional background model template was developed. This method,
as well as the direct application of the background model template, was then used to
estimate the background contamination in the data around PSR B1055—52.

With these two techniques, this work is able to establish a significant detection
of extended TeV ~-ray emission around PSR B1055—52. Despite large differences in
source morphology and spectrum between the two background estimation methods,
a lower limit of a detection significance of 6.31 ¢ can be given. This work also finds
that it is likely that the emission extends further than the observed 6° region, and the
source extension of op; = (1.92 £ 0.2344¢ £ 0.724y5)° should be interpreted as a lower
limit. Across this extension, no significant spectral variations are found, supporting the
hypothesis that a single source is responsible for the emission.

In addition to the analysis of the TeV v-ray data, an analysis of Fermi-LAT data is
performed. While no significant emission can be detected in this analysis, an SED com-
patible with the results from H.E.S.S. can be derived, further solidifying the detection
of the emission.

An estimation of the energy density in the region suggests that the leptons are not
confined by strong magnetic fields to a small region around the pulsar and freely diffuse
into the ISM. From this it can be concluded that the extended ~-ray emission around
PSR B1055—52 is likely a pulsar halo.

Moreover, the diffusion coefficient derived from the halo extent is significantly lower
than the typical ISM diffusion coefficient, with 0.11 - 102"cm?s at E = 100 TeV and an
assumed distance of 0.092 kpc. While diffusion is seen as the main transport mechanism
in the magnetic bubble of a PWN (Tang and Chevalier, 2012), the older, more evolved
systems of pulsar halos are expected to trace the diffusion in the ISM. A similar result,
however, has already been derived from the pulsar halo around the Geminga and
Monogem pulsars, which suggests that this might not be a unique property of a single
system but may be a general property of the population of pulsar halos. A reason for
this could be that the influence of the pulsar creates a region of slow diffusion in its
vicinity, in which the accelerated electrons still largely influence the ISM. If further
observations of pulsar halos confirm these results, it could have strong implications on
our understanding of cosmic ray propagation and allow for pulsars as a central part
of the solution of the cosmic ray positron excess observed by ASM-02 (Aguilar et al.,
2013).

This work also derives the properties of the electron spectrum, which is needed
to explain the observed ~-ray emission using a diffusion model. For this model, an
exponential cutoff power law and Kolmogorov diffusion, which is the expected turbulence
regime for the ISM, was assumed. Employing a parameter scan, it is found that a cutoff
of the electron spectrum at 15 TeV /60 TeV describes the SED derived from a joint fit of
the LAT data and both H.E.S.S. datasets best.

From this model, the diffusion radius at a given energy can be estimated. The
parameter scan finds that the SED derived in the analysis can only be explained with a
reasonable y-ray efficiency if the distance to PSR B1055—52 is below 350 pc. At this
distance, the diffusion radius, derived from the model at 0.5 TeV, amounts to 7.36°.
This is far larger than the region observed by H.E.S.S..

This strongly supports the conclusion that the analysis of the currently available
data of the region provides convincing evidence for the existence of a pulsar halo around
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PSR B1055—52. However, to be able to draw well-founded conclusions, observations
of a larger sky area, preferably by survey instruments, are needed. Only with further
observations will it be possible to fully characterise the source morphology, confirm the
spectral properties, and refine the diffusion model.

For this purpose, especially observations of future wide-field v-ray detection instru-
ments such as the upcoming detector array ALPACA (Kawashima and The ALPACA
Collaboration, 2022) located in Bolivia and the planned detector array SWGO (Hinton
and SWGO Collaboration, 2022) at the Atacama astronomical park in Chile will be
essential to establishing a more complete picture of this region.
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7 Outlook: Pulsar population study

Pulsar environments can be broadly classified into three distinct categories. In young
systems, y-ray emission is contained to a well-defined region around the pulsar. For
older systems, the interaction between the pulsar wind nebula and the reverse shock of
the SNR has caused leakage of relativistic leptons into the ISM, and a more extended
and distorted PWN can be observed in «-rays. In even older systems, where the pulsar
has left the SNR, very extended ~-ray structures are expected to be observed since
the diffusion of relativistic leptons into the ISM is no longer strongly inhibited by the
pulsar (see Figure 4.5). A broad estimate of the duration for each of these stages of the
evolution of pulsar systems is given in Giacinti et al. (2020). However, this evolution can
be influenced by the properties of the central pulsar, and the environment the system
evolves in.

This work has presented the analysis of two environments around pulsars, PSR B1055—52
and PSR J1813—1749. The analysis of the region around PSR B1055—52 revealed the
presence of a pulsar halo, which is in accordance with the predictions made for a pulsar
with a characteristic age of 535 kyrs. The results of the analysis of the y-ray structure
around PSR J1813—1749, however, indicate that the emission exhibits characteristics
only expected from a pulsar halo, despite the young age of the central pulsar suggesting
a compact bright PWN. These findings raise important questions regarding the univer-
sality of pulsar system evolution and the extent to which both environmental conditions
and intrinsic pulsar properties influence the particle transport in the vicinity of the
pulsar.

A first attempt to compare the population of TeV PWNe to these expectations, as well
as identify other factors influencing the development of PWNe, using H.E.S.S. data was
made in H.E.S.S. Collaboration et al. (2018b). This study used nine years of data on
pulsars, which are distributed along the galactic plane with |b] < 3.5°, and data on a
small number of firmly identified PWNe located at higher galactic latitudes. PWNe
Candidates were selected based on two criteria: they are located within 0.5° of a source
detected during the H.E.S.S. galactic plane survey (Aharonian et al., 2006¢), and that
they host a pulsar with a spin-down luminosity of E/d? > 10%* erg/skpc?. Applying
this selection resulted in a sample of 29 PWNe for detailed analysis, while upper limits
were derived for an additional 22 PWNe.

As expected, H.E.S.S. Collaboration et al. (2018b) finds that TeV emission is observed
in the region around young, energetic pulsars. However, H.E.S.S. Collaboration et al.
(2018b) also find that for 30% of the very energetic pulsars (E/d? > 10%7 erg/skpc?), no
PWN can be detected.

Another key result is the establishment of a link between the spin-down power and
the TeV ~-ray luminosity (L oc E%%9%0-21) "and an observed offset between pulsar and
PWN which, in many cases, cannot be explained by the proper motion of the pulsar
and might be related to the interactions of the reverse shock with the PWN.

While this study already presents important results, it is also limited by the usage of
only a subset of the available H.E.S.S. data around the galactic plane and a few isolated
known pulsar systems at higher galactic latitudes. The work outlined in the following
aims to extend the population by analysing a larger dataset, spanning over 15 years and
including pulsars independent of their location.
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Figure 7.1: Visualization of a principal component analysis of the pulsar population.
Pulsars that are known to host TeV PWNe are shown in grey. The regions of the pulsar
tree used in this analysis are indicated by the black boxes. Figure adapted from Garcia
et al. (2022).

7.1 Selection of PWN candidates

As the first step, possible PWN candidates are selected from two different sources. The
first source is the third Fermi-LAT pulsar catalogue (Smith et al., 2023b), which lists
294 pulsars. Since the pulsars listed in this catalogue all emit y-rays in the GeV energy
range, they are likely to be efficient electron-positron accelerators and thus promising
candidates for PWNe observable also in the TeV energy range.

The second source is the pulsar tree presented in Garcia et al. (2022). This pulsar
tree uses principal component analysis to cluster the pulsar population based on their
inherent characteristics. Using this approach is advantageous as it does not introduce a
bias to the selected pulsar sample but inherently captures multi-dimensional relationships
between different parameters. All pulsars for which a firm detection of a TeV PWN has
been made in H.E.S.S. Collaboration et al. (2018b) are located on one branch of the
pulsar tree, already indicating that a certain combination of parameters is likely to be
required for powering a TeV PWN. The non-detection of a PWN for a pulsar located on
the same branch can also be used to help constrain the environmental factors necessary
for the formation of an extended ~-ray structure around the pulsar. A visualization of
the pulsar tree is shown in Figure 7.1. The two black boxes highlight the branch on
which the population of pulsars used in this analysis is located. The right black box
includes the branch on which the confirmed TeV PWNe are located, which are indicated
in grey. The left box shows the branch of the tree on which the pulsars hosting known
TeV halos are located.

This selection yields a total of 361 PWN candidates, which are observable by H.E.S.S..
For all candidates, the ATNF catalog (Manchester et al., 2005) is queried, and their
estimated distance, spin-down power, spin period, and the derivative of the spin period
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are gathered. In case no distance estimate is given in the ATNF, a distance of 4 kpc is
assumed. This corresponds to the mean of a Gaussian distribution, which was fitted to
the distribution of the known distances of all listed ATNF pulsars, estimated using the
electron density model presented in Yao et al. (2017).

7.2 Data Selection and Analysis

For the data analysis, all archival H.E.S.S. observations acquired under a zenith angle
of less than 55° are considered. At even higher zenith angles, the increased amount
of atmosphere that needs to be traversed until the signal reaches the detector results
in the detection of a reduced number of Cherenkov photons. This would result in the
inclusion of large systematic uncertainties on the background estimation and signal
reconstruction.

For each pulsar, a list of observations with an offset of less than 2° from the nominal
pulsar position is computed. Furthermore, the deadtime-corrected observation time
for all observations, as well as for all observations passing detection quality cuts and
spectral quality cuts, is derived.

In the next step, the regions around all pulsars for which data was acquired before
spring 2019 were analysed. This threshold was set since observations recorded at a later
date can, at the date of writing, only be analysed using a preliminary, not validated
reconstruction, which is not accessible using gammapy.

For each pulsar, an ROI of 5° x 5° centred on the pulsar position is analysed. For
the analysis, all observations passing detection quality cuts (see Section 3.2.1) are used.
The data is then binned into 25 energy bins from 0.1 TeV to 100 TeV, while the IRF's
are binned into 49 bins in the same energy range. The background estimation was
performed using the background model template described in Section 3.1.4. For the
estimation of the flux normalisation and the spectral index of the background model
template, all known ~-ray sources are excluded. For the pulsars in the third Fermi-LAT
catalogue, as well as in the TeV PWNe branch of the pulsar tree, additionally a 0.4°
region around the pulsar is excluded from the background fit, to avoid the absorption
of potential emission into the background.

Since the extension of pulsar halos is estimated to be much larger, a region of 1.0°
is excluded from the background fit for the pulsars on the halo branch. The energy
threshold of each observation is determined by a threshold of 10% on the energy bias
and the background peak. In this manner, a dataset was created for each of the three
hardware phases of H.E.S.S.. A stacked analysis, as presented in Chapter 5, Chapter 3.1
and Chapter 6 of all observations is not possible, due to large differences of the IRF's
between the different hardware phases. For this reason, only observations in the same
hardware phase are stacked, and a joint maximum likelihood analysis is performed over
the resulting datasets.

To account for emission from known ~-ray sources in the analysis, an updated version
of the HGPS (H.E.S.S. Collaboration, 2018b) is used, which at the time of finalising
this work has not yet been published. From this list, all sources that are associated
with SNRs, star-forming regions, molecular clouds, or AGNs are used. The sources
marked as unidentified or as associated with pulsars are not used in the analysis. Then,
a Gaussian source model with a simple power law as spectral model is fit jointly to
the datasets, assuming the position of the pulsar as starting value for the centre of the
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Figure 7.2: Li&Ma (1983) significance map of the region around PSR J1803—2149
derived from data acquired during H.E.S.S. Phase II. The map was computed using a
correlation radius of 0.3°. The best-fit position of the Gaussian source model is shown by
the black dashed circle. Additionally shown are the positions of known H.E.S.S. sources
in the ROI, for which the emission has been removed using the best-fit parameters
derived in the updated galactic plane survey.

Gaussian. From this fit, the significance of the model over all datasets was computed.

A significance map of the ROI around an example pulsar, PSR J1803—2149 (E =
6.4 -10% ergs™!, 7. = 86.4kyrs), as observed by H.E.S.S. Phase II can be seen in Figure
7.2. For the computation of the significance map, a correlation radius of 0.3° was used.
The pulsar position is indicated by the green dot, while the position of the Gaussian
model and two models accounting for known H.E.S.S. sources are shown by the black
dashed circles.

The distance to PSR J1803—2149 is unknown, however, assuming a distance of 4 kpc,
its high F /d? suggests that the pulsar is likely to host a PWN. In the PWN population
study presented in H.E.S.S. Collaboration et al. (2018b), no extended 7-ray emission
could be detected around PSR J1803—2149, this study, with increased exposure and
improved analysis techniques, finds significant y-ray emission, which can be described
by a Gaussian model with a 10 containment radius of o3y = 0.25°. The detection
significance of the Gaussian model is 7.5 ¢

Then, the y-ray luminosity L of each candidate PWN is calculated as:

I r—1 d \?
) 1-1020) (-~ 1
2.1 T 9 ( 0 ) <kpc) erg s, (78)

with I the integral photon flux and I' the best-fit spectral index of the power-law model.
For sources which are detected above 3 o, the integral photon flux is derived directly as
the integral over the power-law spectral model above 1 TeV. This energy threshold is

L=1.92x 10"
C

147



TeV detected
<10h
<20h
<30h
<40h
20 . >40h

- ..

B .
E L ]
[
3 o .
2, . Gy ® .°
© Q g 5 . IS
L ° A ﬂ
5]
o []
n Y
Q o A "
& 5%
1
320° 315° 310° 305°

Galactic Longitude (deg)

Figure 7.3: Cutout of the galactic plane. The position of the candidate pulsars are shown
by the square markers. The colour of the respective marker indicates the exposure of
archival H.E.S.S. data used in the analysis. Pulsars for which ~-ray emission is detected
above 5 o are indicated by red triangles. Additionally shown are the 3 0 and 5 ¢ contours
derived from the updated galactic plane survey. The best-fit morphology of the models
derived in the updated galactic plane survey are shown in blue.

chosen for consistency with the previous analysis published in H.E.S.S. Collaboration
et al. (2018b). For sources which are detected with less than 3¢, an upper limit of
the flux above 1TeV is derived. From the «-ray luminosity, the surface brightness .S is

derived as: I
S=—+75-—, (79)
47TR123WN

with Rpwny the best-fit extension of the Gaussian source model in parsec.

7.3 Results

Of the 361 pulsars in the sample, archival data is available for 288 candidates. Emission
with a significance above 5o can be detected at the position of 98 candidates. For an
additional 89 candidates, the maximum likelihood fit of the Gaussian model converges
to a valid minimum, and upper limits for the y-ray flux are extracted. A part of the
candidate population distributed along the galactic plane, together with the 3o and
50 contours derived from the updated galactic plane survey and the best-fit models
derived in that study is shown in Figure 7.3.

Using the information derived in the analysis of the different regions around all
pulsars, the most promising candidates for further observations can be identified. These
candidates are then collected, and an observation proposal has been submitted to the
Observing Committee of the H.E.S.S. Collaboration.

For this purpose, the candidate list is filtered to exclude certain pulsars. The first
population to be excluded from the proposal are millisecond pulsars, due to the lack of
TeV ~-ray emission observed in previous studies (Abeysekara et al., 2025). Additionally,
pulsars for which significant emission is already detected in this analysis are excluded
from the proposal, as well as pulsars which have already been observed for more than
20 hours and result in a detection with less than 2 ¢. This threshold is set to maximise
the chance that candidates are proposed for which a twofold increase of exposure to
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Name o Obs. time RA Dec E/d? Dist.  Priority
(h) () (°)  (erg/s/kpc?)  (kpc)

PSR J17404-1000 0.00 4.71 265.11 10.00 1.53e+35 1.23 A
PSR J1705-1906  0.00 1.41 256.40 -19.11 1.09e+34 0.75 A
PSR J1741-2054  1.49 4.98 265.49 -20.90 1.05e+35 0.30 A
PSR J1954+4-2836 2.34 13.86 298.58  28.60 2.73e+35 1.96 A
PSR J0729-1448  0.00 0.56 112.32  -14.81 3.91e+34 2.68 A
PSR J1846+4-0919 0.26 0.88 281.61  9.33 1.46e+34 1.53 A
PSR J1429-5911  0.00 5.64 21749 -59.19 2.03e+35 1.96 B
PSR J1447-5757  0.00 6.55 221.54 -57.92 1.16e+-35 1.00 B
PSR J0538+4-2817 1.25 4.02 84.60  28.29 2.92e+34 1.30 B
PSR J0742-2822  0.00 6.17 115.70 -28.38 3.58e+34 2.00 B
PSR J0905-5127  0.02 5.57 136.47 -51.46 1.33e+34 1.33 B
PSR J1231-6511  0.15 2.65 187.77 -65.28 7.40e+34 1.00 B

Table 7.1: List of target pulsars for a H.E.S.S. observation proposal, ranked according
to descending their Priority. Obs. time refers to the archival H.E.S.S. data without any
further quality selection, o the the significance of the Gaussian model fitted to the data
in this analysis.

30 hours will lead to a significant detection of extended -ray emission. These target
candidates, the exposure on the regions, as well as the significance achieved without
further observations can be seen in Table 7.1.

In order to fully utilize the diversity of the pulsar population and further our
understanding of the interplay between pulsars and their surroundings, the PWNe
candidates are sorted into two categories based on the properties of the central pulsar
and its environment. For this classification, the galactic latitude, characteristic age 7,
magnetic field at the light cylinder B¢, and the column density of the surrounding
medium were used. The latter was derived by Alison Mitchell (priv. Comm.) using the
HI and CO gas tracer maps presented in Mertsch and Phan (2023) and Mertsch and
Vittino (2021) and a gas flow density presented in Sormani et al. (2015). The properties
of the PWNe candidates can be seen in Table 7.2.

The inclusion of PWNe around pulsars assigned to category A will greatly enhance
the diversity of the sample that will be used for the following population study.

PSR J1740+1000, PSR J1705—1906, and PSR, J1846+4-0919 are located in dense
environments at high galactic latitudes. Observations of these three sources will provide
valuable insights into particle acceleration and energy loss mechanisms under distinct
environmental conditions, relatively unaffected by the dense photon and magnetic fields
of the Milky Way. Notably, extended VHE ~-ray emission, interpreted as a bow-shock
PWN; has already been detected around PSR J1740+1000 by LHAASO (Cao et al.,
2025). Follow-up observations with H.E.S.S. could play a crucial role in resolving the
morphology of the nebula and further constraining its emission properties.

PSR J1741—-2054 is a high-spin-down-luminosity pulsar located in a dense environ-
ment, making it a strong candidate for hosting a PWN. Furthermore, its proximity at a
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Name GLON GLAT Te Type Bic distance Neol
() (°)  (kyrs) (10'G)  (kpc)  (1/cm?)
PSR J174041000 34.01  20.27  114.46 HE 4.70 1.23 29.8
PSR J1705—-1906  3.19 13.03  1144.83 HE 0.39 0.75 29.8
PSR J1741-2054  6.42 4.91 385.96 HE 0.36 0.30 29.8
PSR J1954+2836  65.24 0.38 69.41 NRAD 16.68 1.96 30.0
PSR J0729—-1448 230.39  1.42 35.18 HE 3.18 2.68 3.2
PSR J1846+0919  40.69 5.34 359.86 NRAD 1.24 1.53 29.8

PSR J1429-5911 315.26  1.30 60.18 NRAD 1.15 1.96 3.2
PSR J1447-5757 317.79  1.55 214.20 NRAD 3.24 1.00

PSR J0538+2817 179.72 -1.69  618.13 HE 2.34 1.30 12.7
PSR J0742—-2822 243.77 -2.44  157.08 HE 3.43 2.00 1.8
PSR J0905—-5127 271.63 -2.85  220.68 - 0.67 1.33 1.8
PSR J1231-6511 300.87 -2.40  137.95 NRAD 1.66 1.00

Table 7.2: Additional information for the target pulsars for the 2025-2028 H.E.S.S.
legacy program. Listed are the distance to the galactic plane, the characteristic age
Te, the pulsar type, the strength of the magnetic field on the pulsar surface Bgyt, the
strength of the magnetic field at the light cylinder Byg, the spin-down power and
distance, and the column density n¢,. The pulsar type ‘HE’ refers to a spin-powered
pulsar with pulsed emission from radio to infrared or higher frequencies. In comparison
‘NRAD’ refers to a spin-powered pulsar with pulsed emission only at frequencies higher
than infrared.

distance of only 300 pc enhances its relevance for studies of the cosmic-ray electron and
positron spectrum observed at Earth, potentially contributing to our understanding of
local cosmic-ray propagation.

For PSR J1954+4-2836, estimates indicate a high column density and a strong magnetic
field at the light cylinder, suggesting favourable conditions for PWN formation. The
non-detection of a nebula in this system would offer a unique opportunity to identify
additional parameters that significantly influence the emergence of extended ~-ray
structures around pulsars.

With a characteristic age of 7, = 35.18 kyrs, PSR J0729—1448 is exceptionally young.
The detection of a PWN associated with this pulsar would provide critical insights into
the early stages of neutron star evolution, magnetospheric processes, and interactions
with the surrounding supernova remnant, further refining models of PWN evolution.

Pulsars classified as category B exhibit high spin-down luminosities, making them
strong candidates for hosting extended ~-ray structures. Observing these systems would
significantly expand the sample size for a population study of PWNe. However, they
are not as exceptional as those categorized as type A. Therefore, priority should be
given to the observation of pulsars in category A to maximize the scientific impact of
the study.
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7.4 Outlook

The interactions of pulsars with their surrounding environment are well probed by the
formation and properties of PWNe. Previous studies of single sources have yielded
valuable insights for the population as a whole, however, they also introduce biases in the
results through different assumptions throughout the source analyses. A first attempt
on an unbiased analysis of the PWNe population was made in H.E.S.S. Collaboration
et al. (2018b). While this study provides valuable insights into the characteristics of
known TeV PWNe, the sample was limited to pulsars located at a latitude of |b| < 3.5°,
and approximately 10 years of data. This work presents a pipeline developed to enhance
the population covered in H.E.S.S. Collaboration et al. (2018b). For this, a total of 362
pulsars were selected from the third Fermi-LAT pulsar catalogue (Smith et al., 2023b),
as well as the pulsar tree (Garcia et al., 2022). This selection not only includes a diverse
set of pulsars at different distances but also in different environments. Additionally, the
dataset was increased to include 15 years of observations by the H.E.S.S. telescopes.

Using this enhanced pipeline, a total of 98 significant y-ray sources in the vicinity of
pulsars could be detected, with a further 89 regions for which upper limits could be
derived. Additional observations have been requested for 12 candidate pulsars. The
position of the host pulsars of these candidate PWNe in the P — P diagram are shown
in Figure 7.4. As expected, significant extended ~-ray emission has been detected for
many of the pulsars located in the upper left corner. Moving further towards the lower
right corner, the number of pulsars for which only an upper limit could be derived, or
no extended ~y-ray emission is observed at all, increases.

However, it should be stressed that at this point, the detected «-ray emission has not
been firmly identified as being connected to the pulsars. Especially for pulsars which
are positionally coincident with other known v-ray sources, a more cautious analysis
needs to be performed to ensure that the detected ~-ray emission does not correspond
to emission from a positionally coincident extended source with a different origin or
even a neighbouring source. For this reason, no further interpretation of the population
is made here.

Once observations of the above outlined PWN candidates are complete, the enhanced
population can also be used to refine the theoretical models derived in H.E.S.S. Collabo-
ration et al. (2018b). The increase of the population of candidate PWNe in comparison
to the previous study is visualised in Figure 7.5, where the spin-down power of all
pulsars listed in the ATNF (Manchester et al., 2005) is plotted over the characteristic
age of the pulsars. Shown on the left in Figure 7.5 is the population used in H.E.S.S.
Collaboration et al. (2018b). Indicated on the right are the PWN candidates identified
in this study. Also indicated are the proposed observation targets for the H.E.S.S. legacy
program, as well as the two pulsars analysed in detail in this work, PSR J1813—1749
and PSR B1055—52.

In the future, a more thorough distinction between candidate PWNe and ~-ray
emission from other sources positionally coincident with the pulsars will be made. Then,
the population as a whole will be probed to derive correlations between pulsars that
host a PWN and identify common parameters for pulsars for which no PWN can be
detected, and a more thorough discussion of the nature of TeV emission from pulsars
and their environments will be given. Identifying these common traits could also help
recognize currently unidentified leptonic TeV sources, where no associated pulsar is
detected due to an unfavourable beaming orientation.
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Figure 7.4: P — P diagram showing the pulsar population probed in this study. Pulsars
listed in the ATNF catalogue (Manchester et al., 2005) are shown in grey. Candidate
objects for which emission with a significance of above 5o was detected are labelled as
‘detected’. Candidate objects for which upper limits could be extracted are labelled as
‘upper limit’. If the likelihood minimization did not find a valid minimum, i.e., no 7-ray
emission could be detected in the region around the pulsar, the candidate is labelled as
‘not detected’. PWNe candidates for which further observations are proposed in the
scope of the H.E.S.S. legacy observation program are labelled as ‘proposed’. Additionally
shown are the sources analysed in this work, PSR J1813—1749 and PSR B1055—52.

152



104 ‘ , : 10%
204 4/’1 ' = Firm identifications ATNF pulsars
103} - @\’9\ AN - o Candidate PWNe ] 10% | not detected
W Cralp Neb 578 _ ¢ PWNe outside HGPS ° e detected
38 <o S + ATNF pulsars upper limit
= 107 YL N > Varied Model g & 10% 4 = proposed
o MSH 15524 'g}"*-“\ —— Baseline Model ) . PSR J1813-1749
3 1037 | kes7s, = g Ox_. e ] L 1037 | . \°® : PSR B1055-52
> @ "3 -Q!jlh257137- . E o e —— Baseline Model
5 = A -0t L g Varied Model
s 103 | rom .\'\‘,l_g . ] § 1036 4
cé Aly % X g
2 10} . S 10% 4
s <
a 34 &
»n 107" | E 1034 4
A oo
1033 = 1A '_"-:..! 10% TIN5
L - R,
10% ‘ : o i 107 : : : L
107 10° 10! 102 103 10* 107 10° 10 102 10° 104
Characteristic age 7. [kyr] Characteristic age ¢ (kyr)

Figure 7.5: Spin-down power E and characteristic age 7. of pulsars listed in the ATNF
(Manchester et al., 2005) compared to the model derived in H.E.S.S. Collaboration
et al. (2018b). Left: firmly identified PWNe and PWNe candidates from H.E.S.S.
Collaboration et al. (2018b). Right: PWNe candidates identified in this study.

dentifying these common traits could also aid in recognizing currently unidentified
leptonic TeV sources, where no associated pulsar is detected due to unfavourable
beaming geometry.This limitation is non-negligible, as the radio beaming fraction of
young, energetic pulsars with high spin-down power is estimated to be only around
60%, implying that a substantial fraction of pulsars may remain unseen despite actively
powering nebular emission (Straal and van Leeuwen, 2019).
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A Appendix: Run matching approach

A.1 Quality criteria

The quality criteria used to reject observation runs acquired under bad atmospheric
conditions or suboptimal telescope response can be seen in Table A.1.

Table A.1: Observation quality thresholds for the different H.E.S.S. Phases.

Parameter detection spectral
RA Dev_mean [°] —0.01667 — 0.01667 | —0.01667 — 0.01667
Dec_Dev_mean [°] —0.01667 — 0.01667 | —0.01667 — 0.01667
Az Dev_rms [] 0.0 — 10.0 0.0 —10.0
Alt_Dev_rms [ 0.0 — 10.0 0.0 —10.0
Num_Hardware 0.0 —120.0 0.0 —120.0
Num_HV _Turned_Off 0.0 —50.0 0.0 —50.0
Duration [s] 600 — 7200 600 — 7200
Participation_frac 04—-1.0 04—-1.0
True_Rate_mean [Hz] —— 1200.
Transparency_mean —— 0.8,1.2
True_Rate_Delta_1 —— 09-1.1
True_Rate_Delta_2 —— 09-1.1

A.2 Zenith angle correction

In order to account for differences in mean zenith angle of the observation between ON
and OFF run, equation (47) is fitted to the array trigger rates in every optical phase.
The resulting fit parameters are given in Table A.2.
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Table A.2: Zenith angle correction to the background rate for different optical phases.
The fit parameters are estimated from a fit of equation (47) to the trigger rates of the

H.E.S.S. telescopes for the different optical phases.

Optical phase Start date p1 D2

1/1b 01/2004 2188 +1.0 0.92+0.02

lc 07/2007 171.74+0.7 1.10+0.06
1cl 04/2010 174.3£19 1.0240.07
1c2 10/2010 176.5+3.2 0.71+0.05
1c3 04/2011 188.2+1.9 0.61£0.07
1d 11/2011 214.9+2.7 0.81+£0.16
2b0 01/2013 258.7+9.7 0.73+£0.21
2b2 06/2013 250.9+£12.0 0.61£0.04
2b3 05/2014 165.7+1.4 0.9140.03
2b4 11/2014 205.2+1.6 0.87+£0.07
2b5 08/2015 142.2+£1.8 0.84+0.19
2c0 01/2017 | 380.6 +17.7 1.31 +£0.06
2cl 03/2017 495.8+4.9 1.056+0.04
2¢2 05/2017 435.0+2.3 0.99 +0.02
2d3 10/2019 385.8+ 1.5 1.08£0.01
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A.3 Energy dependence

Since the highest number of misclassified cosmic rays is expected at low energies, it is
important that the correlation coefficients presented in Table 3.2 are not biased by the
inclusion of data over the whole energy range. To test this behaviour, the coefficients
have been calculated including events in the whole energy range, only events with a
reconstructed energy below 1TeV and events with reconstructed energy below 0.56 TeV.
A comparison of the matching parameters for these different energy ranges is given in
Table A.3.

Table A.3: Distance correlation coefficients computed using data with different energy
thresholds.

E,<100TeV E,<1TeV E, < 0.56 TeV

zenith 0.46 0.52 0.53
duration 0.71 0.62 0.62

NSB 0.24 0.30 0.26

Muon Efficiency 0.15 0.16 0.16
Trigger Rate 0.46 0.36 0.36
Transparency Coeff. 0.55 0.44 0.43
Radiometer Temp. 0.48 0.40 0.40

An additional test to rule out a potential energy dependence of the goodness of
the background estimation was done by dividing the datasets for the analysis of the
empty-field regions into bins, such that one bin consists of two energy bins of the original
datasets. Then, significance histograms were computed for all bins, and a Gaussian fit
was performed. The results of the Gaussian fit to the significance distribution for the
regions around Reticulum IT and Tucana II have been summarised in Table A.4 and
Table A.5, respectively.

Table A.4: The fit parameters of the Gaussian fit to the significance distributions
estimated from the region around Reticulum II

Energy bin [TeV] Case 0 Case 3 Case 4+ Case 4-
,u o ,u o w o o o
0.32 - 0.56 -0.07 1.01| -0.26 1.01 | —0.51 1.01 | —0.00 1.02
0.56 - 1.00 -0.03 1.00 | —=0.01 1.02 | —0.25 1.00 | 0.25 1.04
1.00 - 1.78 -0.12 1.04 | —0.02 1.05 | —0.18 1.04 | 0.14 1.07
1.78 - 3.16 -0.14 1.05| -0.04 1.07 | -0.14 1.06 | 0.07 1.09
3.16 - 5.62 —-0.20 098 | —0.10 1.01 | -0.16 0.99 | —0.03 1.02
5.62 - 10.00 —0.30 0.78 | —0.24 0.80 | —0.27 0.80 | —0.21 0.78
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Table A.5: The fit parameters of the Gaussian fit to the significance distributions
estimated from the region around Tucana II

Energy bin [TeV] Case 0 Case 3 Case 4+ Case 4-
,u o ,u o u o o o
0.32 - 0.56 -0.13 1.03 | -0.19 1.03 | —0.58 1.00 | 0.23 1.09
0.56 - 1.00 —0.08 1.05| —-0.12 1.04 | —0.39 1.03 | 0.18 1.07
1.00 - 1.78 —-0.15 1.06 | —0.18 1.06 | —0.36 1.03 | 0.02 1.09
1.78 - 3.16 -0.16 1.03 | —0.18 1.03 | —=0.30 1.01 | —0.06 1.06
3.16 - 5.62 —-0.26 0.89 | —0.28 0.88 | —0.34 0.87 | —0.21 0.90
5.62 - 10.00 —0.27 0.67 | —0.28 0.67 | —0.32 0.66 | —0.25 0.68
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A.4 Fit Results

Figure A.1, Figure A.2, and Figure A.3 show a visual comparison of the best-fit values,
including the systematic errors for the regions around the Crab Nebula, PKS 2155—304,
and RX J1713.7—3946, respectively. The best-fit values for the large dataset on
RX J1713.7—3946 are shown in Figure A.4.
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Figure A.1: Comparison between the best-fit values for all parameters of the point
model used to describe the emission from the Crab Nebula. The reference values were
taken from Mohrmann et al. (2019a). Matching refers to the values derived by using
the run-matching approach for the background estimation, while template refers to
the background model template. The systematics introduced due to the run-matching
approach are indicated in red.

158



+3.297e2 —3.022el

0.035 —
0.0000 1
0.030
—0.0025 4
5 0.025 o 0.0050
. - —=0. b o
= 0.020 g ’
o 8 -0.0075
0.0157 ~0.0100-
0.010 T T T T T -
Reference Matching Template Reference Matching Template
le—-11
2.4+
3.84 N
£ 2.2
HU
L 3.61 201
I
7 1.8
3.4+ =
’ = 1.6
Refellence Matc'hing Temblate Refer'ence Matc'hing Temblate

Figure A.2: Comparison between the best-fit values for all parameters of the point
model used to describe the emission from PKS 2155—304. The reference values were
taken from Mohrmann et al. (2019a). Matching refers to the values derived by using
the run-matching approach for the background estimation, while template refers to
the background model template. The systematics introduced due to the run-matching
approach are indicated in red.
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Figure A.3: Comparison between the best-fit values for all fit parameters of the model
used to describe the emission from RX J1713.7—3946. The reference values were taken
from Mohrmann et al. (2019a). Matching refers to the values derived by using the
run-matching approach for the background estimation, while template refers to the
background model template. The systematics introduced due to the run-matching
approach are indicated in red.
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Figure A.4: Comparison between the best-fit values for all fit parameters of the model
used to describe the emission from RX J1713.7—3946 for the larger dataset containing
57hours of data. The reference values were taken from Mohrmann et al. (2019a).
Matching refers to the values derived by using the run-matching approach for the
background estimation, while template refers to the background model template. The
systematics introduced due to the run-matching approach are indicated in red.
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A.5 Additional significance maps and spectra

Here the significance maps and distributions of the region around PKS 2155—304
(Figure A.9), MSH 15-52 (Figure A.10) and RX J1713.7—3946 (Figure A.11) are
shown. Although a small shift in the background distributions for the datasets estimated
using the run-matching approach can be observed, this shift is within the systematic
uncertainty (see Table 3.6).

The SED estimated for the Crab Nebula, PKS 2155—304 and MSH 15—52 are shown
in Figures A.5, A.6 and A.7 respectively. The lower panel of these figures shows the
deviation between the two sets of SED points and the best-fit spectral model derived
in the analysis of the respective Case 3 datasets, defined by (z; /2 — Tmodel) | Tmodel s
with z1 the differential energy flux in the respective energy bin for the reference SED
points derived in Mohrmann et al. (2019a), zo the differential energy flux for the
SED points derived from the Case 3 datasets and x,,,q4¢ the differential energy flux
estimated from the best-fit spectral model. The SED derived from the large dataset
on RX J1713.7—3946 are shown in comparison with the SED published in H.E.S.S.
Collaboration et al. (2018a) in Figure A.8. In this case no residual panel is shown due
to the large differences in binning between both datasets.
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Figure A.5: SED of the Crab Nebula using the run-matching approach for the background
estimation compared to the reference SED from (Mohrmann et al., 2019a). The deviation
between the two SEDs and the best-fit model derived for the Case 3 datasets is depicted
in the lower panel.
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Figure A.6: SED of PKS 2155—304 using the run-matching approach compared to the
SED from (Mohrmann et al., 2019a). The deviation between the two SEDs is depicted

in the lower panel.
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Figure A.7: SED of MSH 15—52 using the run-matching approach compared to the
SED from (Mohrmann et al., 2019a). The deviation between the two SEDs is depicted

in the lower panel.
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Figure A.8: SED of derived in the analysis of the large dataset on RX J1713.7—3946 using
the run-matching approach for the background estimation compared to the reference
SED derived in the analysis presented in (H.E.S.S. Collaboration et al., 2018a).
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Figure A.9: Left: Li&Ma significance map of the region around PKS 2155—304, with 5 ¢
and 8 o contours, from the Case 0 dataset (blue), and from the Case 3 dataset (pink).
The best-fit position is indicated by the black cross. Right: significance distribution
of the background in the FoV around PKS 2155—304 for both background estimation

techniques, fit with a normal distribution.
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Figure A.10: Left: Li&Ma significance map of the region around MSH 15—52, with 5¢
and 8 o contours from the Case 0 dataset (blue) and from the Case 3 dataset (pink).
The best-fit morphology is indicated by the black-dashed line. Right: The significance
distribution of the background in the FoV for both background estimation techniques

fit with a normal distribution.
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Figure A.11: Left: Li&Ma significance map of the region around RX J1713.7—3946,
with 50 and 8 ¢ contours for Case 0 (blue), and for Case 3 (pink). Right: significance
distribution of the background in the FoV for both background estimation techniques,

fit with a normal distribution.
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Figure A.12: Left: Li&Ma significance map of the region around RX J1713.7—3946,
using a dataset containing 57 hours. Contours are shown at 50 and 8 ¢ for Case 0
(blue), and for Case 3 (pink). Right: significance distribution of the background in the
FoV for both background estimation techniques, fit with a normal distribution.

165



B Appendix: Analysis of the Region around PSR J1813—-1749

B.1 H.E.S.S. Data analysis

The region around PSR, J1813—1749 has been observed with H.E.S.S. Phase I between
2004 and 2010 as part of different observation campaigns in the sky region. For the
analysis of this data, the participation of all four telescopes was required for every
observation. Additionally, the pointing position of the telescopes was required to
not be offset by more than 2.0° from RA = 273.40°, Dec = —17.84°, the position
of HESS J1813—178 as derived in Aharonian et al. (2006¢c). After applying spectral
selection cuts (see Chapter 3.2.1), a total exposure of 32 hours was available for analysis.

The data was reduced using the H.E.S.S. analysis package (see (Aharonian et al.,
2006a)), reconstructed using the InPACT algorithm (Parsons and Hinton, 2014). For
background estimation, the background template model derived in Mohrmann et al.
(2019a) and discussed in Chapter 3.1.4 was used.

For each individual run, a safe energy threshold was defined to exclude the threshold
region where effective detection areas vary steeply with energy and where the energy
reconstruction is biased. The threshold was chosen as the energy at which the energy
bias is below 10% (Aharonian et al., 2006a). A second energy threshold was defined as
the peak in the field of view background template spectrum (Mohrmann et al., 2019b);
the higher of the two thresholds was applied for the run.

The events passing the cut criteria were then stacked into a single dataset, and
the field of view background template, as discussed in Mohrmann et al. (2019b), was
applied. In addition to the run-wise threshold, a global energy threshold for the dataset
of 0.4 TeV was set due to problems with the reconstruction at lower energies. All events
below this energy were excluded from the binned-likelihood estimation.

The left side of Figure 5.2 shows a Li&Ma (1983) significance map, where compact,
bright ~-ray emission positionally coincident with the pulsar is visible. The emission
is well described with a power-law spectral model and detected with a significance of
38 0. The best-fit position and extension derived in this analysis are compatible with
the results reported in Aharonian et al. (2006c¢).

A diffuse emission component was already detected during the Galactic plane survey
(Aharonian et al., 2006c) but discarded because of large uncertainties in the background
estimation. The emission was reported to be located at R.A. = (273.46 £ 0.05)°, Dec. =
(—17.77 £ 0.06)° with a Gaussian width of ¢ = (0.31 + 0.06)°. Due to using the
rather stable background template model, as opposed to a ring-background approach,
a firm detection of significant extended emission in the source region is possible. The
morphological model that best describes the emission is evaluated, testing both a
disc-like model and a Gaussian model, each with and without the possibility of an
elongation. This study finds that an elongated Gaussian model centred at R.A. =
(273.61 £ 0.06)°, Dec. = (—17.39 + 0.07)° with a semi-major axis of o = (0.72 £ 0.08)°
describes the emission best. The Gaussian model is preferred over the disc-like model
with ATS = 59.91, while the elongated Gaussian model is preferred by 3.4 ¢ compared
to the symmetric Gaussian model. The increased size compared to the first report of
possible extended emission can be attributed to the difference in background estimation.
A power-law model was used to describe the emission. This additional extended emission,
HESS J1813—178B, was detected with a significance of 13 0.
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Figure B.1: Li&Ma (1983) significance map of the H.E.S.S. data, with a correlation
radius of 0.1°. The best-fit morphology derived from the analysis of the H.E.S.S. data is
indicated in black. The best-fit morphology of the source 3HWC J1813—174 is indicated
in blue. The description of the region obtained with LHAASO is indicated by the pink
and orange dashed circles.

The morphology of HESS J1813—178B is also compared to the sources detected
with HAWC and LHAASO. The detection made in this work is in good spatial agree-
ment with the extended emission 3HWC J1813—174 observed by HAWC, as well as
1LHAASO J1814—1719u*, extended emission observed by the WCDA of LHAASO (see
figure B.1).

B.2 Fermi-LAT Data analysis

In this study, ~ 13 years of LAT data was analysed. To account for the emission from
other sources in the FOV, catalogue models were taken from the 12-year 4FGL source
catalogue (Abdollahi et al., 2020). A 6° region of interest (ROI) around the source
position of 4FGL J1813—1737e, as derived in Araya (2018), a bin size of 0.025° and 8
energy bins per decade with logarithmic spacing were used. Only events arriving with a
maximum zenith angle of 90° were considered, in order to avoid including secondary ~y
rays from the Earth’s horizon.

The remaining y-ray background was modelled using an isotropic background model
(is0_P8R3_SOURCE_V3_v1.txt), and a template model for the Galactic diffuse back-
ground (gll_iem_v07.fits). In order to describe the region well, all known catalogue
sources in a region of 10° around the source position were included.

For the analysis, the Python package fermipy, version 1.0.1 (Wood et al., 2017),
optimised for performing a binned likelihood analysis of LAT data using the Fermsi
Science Tools, was used. With fermipy, a counts cube and IRF cubes in an energy
range between 1 GeV and 1TeV was created. For the analysis of the source, the data,
IRFs, and background models were exported to gammapy. In contrast to the standard
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Figure B.2: Corner plot showing the distributions and correlations of the free parameters
of the leptonic model.

analysis chain of the Fermi-LAT data, this allows for a fit of both morphological and
spectral parameters simultaneously.

B.3 Modeling and Multiwavelength Context

The parameters of the leptonic model, used to describe the y-ray emission, were obtained
through an MCMC method, allowing for a thorough exploration of the parameter space.
The resulting corner plot showing the posterior distributions and correlations between
model parameters can be seen in Figure B.2 for the leptonic model and in Figure B.3
for the hadronic model.

In addition to the morphology comparison between the sources detected by H.E.S.S.,
HAWC, and LHAASO shown in Figure B.1, the spectra, derived in Albert et al.
(2020) and Cao et al. (2023a) are compared. These spectra, together with the lep-
tonic and hadronic model derived in this work are shown in Figure B.4. The spec-
tra of ILHAASO J1814—1719u*, observed by KM2A and 3HWC J1813—174 show

a good agreement with the results derived in this study, while the spectrum of
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Figure B.3: Corner plot showing the distributions and correlations of the free parameters
of the hadronic model.
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spectra derived in the analysis of the Fermi-LAT, H.E.S.S., HAWC and LHAASO data.

1LHAASO J1814—1719u*, observed by WCDA as well as the spectrum of ILHAASO J1814—1636u
do not agree. A possible reason for this could be the differences in the separation between
source emission and diffuse emission along the galactic plane.
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C Appendix: Analysis of the Region around PSR B1055—52

C.1 Background estimation

Using the nominal validity range for all matching parameters presented in Chapter 3.2,
no OFF run can be found for 37 of the observation runs in the region of PSR B1055—52.
To avoid a large loss of exposure, the validity range of the parameters has been relaxed.
The old and new validity range can be seen in Table 3.2

Table C.1: Comparison of the validity range of the matching parameters used for the
validation and the relaxed criteria for the background estimation in the region around
PSR B1055—52.

Matching parameter nominal range increased range
Zenith Angle ©, within zenith bins
Trigger Rate r Ar < 25% Ar < 45%
Duration ¢ At <T% At < 25%
Transparency Coeff. 7 AT < 6% AT <19%
Radiometer Temp. Rr A R < 50% A R < 55%
Muon Efficiency ¢, Aeg, <11% Ag, < 19%
NSB ANSB < 80% ANSB < 90%

C.2 Radial Profiles

A visualization of the position of the semicircles used for the extraction of the radial
profiles compared to the 3¢ and 50 contours of the emission is given in Figure C.1.
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Figure C.1: Li&Ma (1983) significance map of the region around PSR B1055—52 with a
correlation radius of 0.5°. The 3¢ and 5o contours are shown in white. The semicircles
from which the radial profiles have been extracted are shown in black.
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Table C.2: Best-fit parameters for the main dataset and the shuffled dataset, with
o the 1o containment radius of the gaussian, I the spectral index and Ny the flux

normalization at 1 TeV.

main dataset

shuffled dataset

R.A. [ 164.12 164.46
Dec. [°] —51.67 —51.41
o [°] 1.91+0.23 1.75 4+ 0.23
r 2.79 £ 0.08 3.20 +0.23
No [107Hem™2s7 1 TeVY | 2.1540.40 1.38 £0.34
107104 —— Dataset 2
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Figure C.2: SED computed from the Gaussian model applied to Dataset 2 and the
shuffled Dataset 3, respectively.

C.3 Shuflled dataset

To gauge the level of systematic uncertainty introduced on the source parameters due
to the background estimation, a dataset with a randomly shuffled run list was created.
Then, a Gaussian source with a power law was fitted to the data. The best-fit parameters
and statistical uncertainties can be seen in Table C.2. A visual comparison of the SED
from both datasets can be seen in Figure C.2

C.4 Fermi-LAT data analysis

The ROI used for the analysis of the Fermi-LAT data contains several known ~y-ray
sources, which need to be excluded from the background fit. The identification of
the exclusion regions was performed iteratively. After the addition of an exclusion
region, the background models were fit to the ROI, and a distribution of the Li&Ma
(1983) significance in each pixel outside of the exclusion region was extracted. After
each iteration, further regions were excluded until a Gaussian fit to the significance
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Table C.3: Exclusion regions used for the fit of the background models for the analysis
of the Fermi-LAT data. In addition to the morphology of the exclusion regions, the
closest known ~-ray source is indicated. In the case of a circular model, the height
parameter corresponds to the radius of the circle. ® corresponds to the angle of the
major axis of the ellipse ot the southern axis.

R.A. [°] Dec. [°] height [°] width [°] & [°]
PSR B1055—52 164.12  —51.67 4.00 — —

Westerlund 2 158.00 —58.80 9.00 4.00 30.00
4FGL J1125.0-5804 | 171.30 —58.30 0.50 — —
4FGL J1129.1-5230 | 172.20 —52.30 0.50 — -
4FGL J1132.2—4736 | 173.00 —47.70 0.50 — —

distribution yielded a mean of mean of p = —0.09 and a standard deviation of o = 1.09,
which is consistent with a background-only hypothesis and indicates a good estimation
of the background. The exclusion regions are listed in Table C.3 and visualized in
Figure C.3.

C.5 Joint-modeling with Ferm:-LAT data

In addition to the analysis of the separate datasets, a joint model between Fermi-LAT
data above 10 GeV and H.E.S.S. data above 360 GeV has been conducted for both
datasets. For the morphological description of the emission, a Gaussian model has been
used with a fixed position to the centre of gravity of the emission derived in the analysis
of Dataset 2. For the joint analysis using Dataset 1, the position of the Gaussian model
is included as a fit parameter. Different spectral models have been used. The top panel
in Figure C.4 shows a simple power-law model, which is not able to describe the shape
of the SED well. The middle panel of Figure C.4 shows a logarithmic parabola model
and the bottom panel a broken power law model. For the joint-fit using Dataset 1, the
likelihood minimization did not converge, and no reliable errors on the fit parameters
could be derived. The fit parameters for all models are shown in Table C.4, Table 77,
and Table ?77.
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Figure C.3: Li&Ma (1983) significance map of the Fermi-LAT data, computed without
any exclusion regions for the fit of the background models. A correlation radius of 0.5°
was used. The 5o contours are shown in white, and the exclusion regions listed in Table
C.3 are shown in yellow.

Table C.4: Best-fit parameters derived from the joint model using the Fermi-LAT data
and the two different H.E.S.S. datasets for a simple power-law model (left), a logarithmic
parabola model (middle) and a broken power-law model (right). The significances of all
three models compared to the best-fit logarithmic parabola model can be seen in Table
6.9.

Dataset 1 Dataset 2 Dataset 1 Dataset 2 | Dataset 1 Dataset 2

I 1.96 £ 0.04 1.89 £ 0.04 1.98 + 0.06 2.15+0.13 1.54 0.00 £ 0.00

Ty - —— —— —— 3.54 2.83+0.10

Birear [TeV] — — — — 3.16 0.48 4 0.01

No- 107" 1.63 +0.36 4.50 +2.30 4.17£0.86 4.31 £0.81 0.86 25.50 + 5.70

[em™2s~ 1 TeV™!]

R.A. [°] 162.50 £ 0.01 164.12 162.50 £+ 0.01 164.12 162.50 164.12
Dec. [°] —54.45 £ 0.01 —51.67 —54.45£0.01 —51.67 —54.45 —51.67

om [°] 4.87£0.71 9.68 £ 2.70 4.45+0.55 2.67+0.31 4.92 2.47+0.34
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Figure C.4: SED computed from the joint-fit of the Fermi-LAT data with Dataset 1
and Dataset 2 respectively, using different spectral models: simple power-law model
(top), logarithmic parabola model (middle), broken power-law model (bottom). While
the fit of the broken-power law model converges, the uncertainties are unreliable and
the model is not a good description of the region. It is therefore not considered as a
spectral model to describe the emission.
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